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CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE 
REVIEW 
 
 
General Introduction 
 
   Carbon dioxide (CO2) serves both as the substrate for photosynthesis and as an important 
signal to regulate plant growth and development, and variable CO2 concentrations can 
impact photosynthesis, growth and productivity of plants. Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) is the initial enzyme for photosynthetic carbon 
assimilation in plants, although this enzyme has a poor apparent affinity for carbon dioxide. 
To generate a higher concentration of CO2 for Rubisco and suppress oxygenation of RuBP, a 
wasteful side reaction, several strategies have evolved in photosynthetic organisms, 
including the well known C4 and CAM (Crassulacean acid metabolism) photosynthetic 
pathways. C4 plants have developed a cooperative pathway between two specialized cell 
types: in the mesophyll cell, CO2 is converted to HCO3-, which is fixed by 
phosphoenolpyruvate carboxylase (PEPC) to form oxaloacetate (OAA).  The OAA then is 
converted to a second C4 acid (malate or aspartate) and transported to a neighboring bundle 
sheath cell for decarboxylation and refixation by Rubisco (Buchanan et al., 2000). In the 
biochemically similar CAM photosynthesis, inorganic carbon (HCO3-) is fixed via PEPC 
into OAA, which is reduced to malate.  The malate is stored in the vacuole and in the 
subsequent light period organic acid is released, decarboxylated and the resulting CO2 
assimilated by Rubisco in the Calvin cycle.  
A different type of CO2-concentrating mechanism (CCM) is adopted in many aquatic 
cyanobacteria and microalgae which together account for a large proportion (~50%) of 
global primary productivity. Primary CCM studies focus on cyanobacteria (prokaryotic 
blue-green algae) and Chlamydomonas reinhardtii (eukaryotic green alga). The three most 
important components of the CCM in these species are the presence of active Ci (HCO3- and 
CO2) uptake systems, and of carbonic anhydrases that catalyze rapid interconversion of 
carbon dioxide and carbonic acid, and the existence of very specific, Rubisco-containing 
internal compartments to provide a localized elevated CO2 concentration for Rubisco 
(Moroney and Ynalvez, 2007; Wang and Spalding, 2007; Spalding, 2008; Price et al., 2008). 
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Interestingly, no homologs of cyanobacterial CCM genes could be identified in C. 
reinhardtii, even though it has a functionally similar CCM, indicating the independent 
evolution of CCM in these microalgae and cyanobacteria. 
A particular focus of the research in our lab has been understanding the limiting-CO2-
acclimation response in C. reinhardtii, including both characterization of the limiting-CO2 
signal transduction pathway and identification of the functional aspects of the acclimation 
response. We have been using insertional mutagenesis, suppressor screening, RNAi 
technology, etc, to investigate potential Ci transporters and non-acclimating mutants, which 
should provide valuable information to advance our understanding of the CCM and its 
regulatory pathways. 
 
Literature Review 
Brief overview of the C. reinhardtii CCM 
Aquatic green algae, like C. reinhardtii, must obtain carbon dioxide from inorganic 
carbon sources (Ci: CO2, HCO3-, CO32-) dissolved in the aqueous environments. The supply 
of Ci often is limiting and aquatic photosynthetic organisms also must overcome the fact 
that the diffusion rate of CO2 in water is ~10,000 times slower than the rate of diffusion in 
air. The first enzyme responsible for photosynthetic carbon reduction, Rubisco, also has a 
poor apparent affinity for CO2, with a Km(CO2) in most algae greater than 25 µmol L-1. This 
means that Rubisco is functioning at less than 20% of its capacity in air-equilibrated 
water,where the CO2 concentration is around 10 µmol L-1 (Moroney, 2001). To overcome 
these limitations, in response to limiting CO2, either air level (~0.04% CO2) or very low CO2 
(~0.01% CO2) conditions, representative biophysical Ci pumps operate: the CCM uses active 
Ci transport, probably both at the plasmalemma and the chloroplast envelope, to accumulate 
a high concentration of bicarbonate within the chloroplast (Sültemeyer et al, 1988; 
Palmqvist et al, 1988). The thylakoid lumen carbonic anhydrase (CAH3) plays an essential 
role in the rapid dehydration of the accumulated bicarbonate to release CO2 into the 
pyrenoid, a Rubisco-containing internal compartment of the chloroplast, for assimilation by 
Rubisco (Price et al., 2002; Spalding et al., 2002; Moroney and Ynalvez, 2007). 
In C. reinhardtii, the CCM is not the only acclimation-related process induced during 
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limiting CO2 acclimation. Its induction is accompanied by disappearance of stromal starch 
granules and formation of a starch sheath around the pyrenoid within the chloroplast, 
transient arrest of cell cycle in G1 phase, increased vacuolization and changes in 
mitochondrial distribution from a central position to a peripheral position between the 
chloroplast envelope and the plasmalemma (Geraghty and Spalding, 1996; Spalding, 2002; 
Giordano et al., 2005). Also, the CCM has reciprocal interaction with other metabolic 
processes, such as photosynthesis, photorespiration, respiration and other metabolic 
processes which share common key metabolites and redox equivalents (Xue et al., 1996; 
Cournac et al., 2002; Giordano et al., 2003). 
 
Putative Ci transporters 
Perhaps the most important elements of the eukaryotic CCM are the Ci uptake systems 
responsible for accumulation of Ci internally to a level several fold higher than that of the 
external medium. On the basis of evidence from isotope disequilibrium and mass 
spectrometric approaches, C. reinhardtii can take up both CO2 and HCO3- during steady 
state photosynthesis. Although specific Ci transporters have not been identified yet, many 
researchers have confirmed the active Ci transport occurs across both the plasma membrane 
and chloroplast envelope (Sültemeyer et al., 1988; 1989; Palmqvist et al., 1988). At the level 
of the plasma membrane, photosynthetically-driven net uptake of Ci (mainly as CO2 and 
HCO3-) represents the largest nutrient flux that green alga encounter, but ultimately only 
CO2 can serve as the substrate for Rubisco. CO2 availability and supply rate are often 
severely limiting in aquatic environments, especially at alkaline pH, so microalgae, 
including C. reinhardtii, have undergone stringent selection for adaptations to help 
maximize the efficiency of Ci uptake through usage of HCO3-. Also, regardless of which 
form of Ci, CO2 or HCO3-, is presented to the cell, HCO3- is the major species accumulated 
internally. Because HCO3- is about 1000-fold less permeable to lipid membranes than the 
uncharged CO2 molecule, it is reasonable to hypothesize that direct HCO3- uptake across the 
plasmalemma and chloroplast envelope would require a protein carrier. 
Although our understanding of Ci uptake and regulation, as well as other aspects of 
CCM function in C. reinhardtii is limited, a better understanding of the similar CCM in 
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prokaryotic organisms, specifically the cyanobacteria Synechocystis and Synechococcus, has 
been gained. At least five different types of Ci transporters have been identified in 
cyanobacteria, including three bicarbonate transporters: 1) a high affinity, low CO2-induced, 
sodium-independent HCO3- transporter, BCT1, encoded by the cmpABCD operon and 
belonging to the ABC transporter family; 2) a low affinity, constitutively expressed, sodium-
dependent HCO3- transporter, ictB; 3) SbtA, an inducible high affinity Na+-dependent SulP 
type HCO3- transporter; and two CO2 uptake systems which also are critical in minimizing 
CO2 leakage from the carboxysomes: 4) NDH-I4, a putative plasma membrane localized low 
affinity constitutive CO2 uptake system that contains a unique protein ChpX, which is 
involved in net unidirectional, light-dependent CO2 hydration reactions;  5) NDH-I3, a 
thylakoid membrane CO2 uptake system that is inducible under Ci limitation and is of higher 
uptake affinity, also contains a unique protein ChpY which is 44% identical to ChpX and 
also performs a similar function (Price et al., 2002, 2008). 
Since the discovery of the CCM in C. reinhardtii, significant efforts have been devoted 
in identifying the Ci transport systems, however, only a few candidate Ci transport genes 
were characterized and the functions of these gene products still remain largely unknown 
(the following figure depicts a proposed CCM model in C. reinhardtii; Spalding, 2009). 
Transport across the plasma membrane 
It has been established that active transport of Ci could occur at the whole cell and the 
cells demonstrate a preference for CO2, although it’s questionable whether or not the 
observed CO2 uptake at the plasma membrane is an active transport or rapid diffusion in 
response to active consumption of CO2 internally (Amoroso et al., 1998). So far only two 
candidate plasmalemma Ci transporters have been identified in C. reinhardtii, HLA3/MRP1 
and LCI1. 
Im et al. (2001) identified the HLA3 gene, encoding a putative ATP-binding cassette 
(ABC) type transporter of the multidrug-resistance-related proteins (MRP) subfamily, whose 
expression is activated by both high light (under conditions in which the cells were 
becoming CO2 limited) and low CO2, for which it was shown to be under the control of 
zinc-finger transcription factor CIA5, a master regulator for the response of C. reinhardtii to 
limiting CO2 conditions (Miura et al., 2004). HLA3 was predicted by WoLF PSORT 
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(Horton et al., 2007) to be involved in the secretory pathway and possibly to be located in 
the plasma membrane. As HLA3 is not induced in high light under high CO2 conditions, and 
not expressed in the cia5 mutant, the putative transport protein encoded by this gene may be  
 
 
Figure 8.3. The cell biology of the carbon concentrating mechanism. The movement of inorganic carbon (Ci) 
from the extracellular space to the thylakoid lumen via the cytosol and stroma is shown. The pyrenoid is a non-
membrane-bound compartment (boundary indicated as dashed line) within the stroma, and is the site of 
Rubisco localization. Membranes that serve as barriers for transport are shown as solid black lines. The purple 
ovals indicate transporters and question marks indicate unidentified, postulated carriers. Putative Ci 
transporters without supporting functional data are indicated without substrates.  
 
 
a vital component of the CCM, possibly even a Ci transporter. Interestingly, there is 
evidence for the inhibition of whole cell Ci uptake by the H+-ATPase inhibitor vanadate and 
MRP-associated transport is often sensitive to inhibition by vanadate (Karlsson et al., 1994). 
Based on cDNA array analyses, a low-CO2-inducible putative plasma membrane-type 
proton ATPase PMA2 was identified and the expression of PMA2 gene was also regulated 
by CIA5 (Fukuzawa, unpublished data). The functions of HLA3/MRP1 and PMA2 in Ci 
transport, the CCM or another aspect of limiting Ci acclimation will require further 
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investigations. 
The limiting-CO2-inducible LCI1 gene is another candidate for plasma membrane Ci 
uptake. The LCI1 gene product is predicted to contain four predicted transmembrane helices 
and shows very little homology to any other proteins in the available database. Because the 
expression of LCI1 is controlled by CIA5 as well as a MYB type transcription factor LCR1, 
which is implicated in regulation of CCM genes, LCI1 is considered a good candidate for Ci 
transport (Burow et al., 1996; Yoshioka et al., 2004). However, the function of this gene 
product is unknown, and any putative role in Ci transport still requires further biochemical 
analyses. 
Transport into the chloroplast 
It is commonly accepted that chloroplasts are essential in Ci concentrating and active 
uptake of Ci at the chloroplast envelope has been demonstrated by using isolated intact 
chloroplast (Sültemeyer et al., 1988; Amoroso et al., 1998). Some promising candidate 
genes and proteins have been identified, and it is likely that one or more of the following 
proteins may be involved in active Ci uptake at chloroplast envelope. The candidate proteins 
include LCIA(NAR1.2), CCP1, CCP2, YCF10, LCIB and the unique LCIB protein family 
LCIC/LCID/LCIE. 
 LCIA (also named NAR1.2) encodes a membrane protein belonging to the 
Formate/Nitrite Transporter (FNT) family of C. reinhardtii (Galvan et al., 2002; Miura et al., 
2004). However, LCIA was considered to be a putative Ci transporter since the expression 
of LCIA is induced under limiting-CO2 conditions and is partially under the control of CIA5, 
a transcription factor required for induction of most other CCM genes. LCIA is predicted to 
be targeted to the chloroplast and has six transmembrane helices. When expressed in 
Xenopus oocytes, LCIA reportedly transports HCO3- but exhibited a very low affinity for 
HCO3- and high affinity nitrite transport, leaving its importance as Ci transporter 
questionable (Mariscal et al., 2006). 
Two other putative Ci transport proteins are CCP1 and CCP2, encoding two similar 
proteins with 96% identical amino acid sequences (Spalding and Jeffery, 1989; Ramazanov 
et al., 1993; Chen et al., 1997). These two proteins have six transmembrane domains, are 
associated with the chloroplast envelope, and have sequence similarity to the mitochondrial 
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carrier protein superfamily. This superfamily consists of many small proteins involved with 
transport across the mitochondrial inner membrane of various metabolites. Knockdown of 
CCP1 and CCP2 by RNAi exhibited similar Ci uptake characteristics as wild-type cells, 
although the RNAi strains grew poorly in low CO2 levels. This might indicate that these two 
putative transporters are involved with transport of metabolic intermediates important in 
limiting CO2, or the functions of these two proteins as Ci transporters are masked by some 
other Ci transport systems under the conditions tested (Pollock et al., 2005). 
The product of plastid gene YCF10 displays sequence similarity with the cyanobacterial 
CotA product which is altered in mutants defective in CO2 transport and proton extrusion 
(Rolland et al., 1997). YCF10 protein is localized in the inner chloroplast envelope and 
disruption of ycf10 expression resulted in high light sensitivity and decreased Ci uptake 
affinity. However, YCF10 may not participate directly in Ci uptake and instead might play 
an important role in proton exchange to maintain electrical and pH homeostasis during 
uptake of CO2 and HCO3-, a similar role as the cyanobacterial CotA protein (Kaplan and 
Reinhold, 1999). 
 Another limiting-CO2-inducible, CIA5-regulated gene LCIB encodes a soluble protein 
which is predicted to be targeted to chloroplast (Miura et al., 2004; Wang and Spalding, 
2006). Two LCIB mutants, pmp1 and ad1, which contain a nonsense mutation or a deletion 
mutation of LCIB gene, respectively, cannot grow in low CO2 (air) but can grow in very low 
CO2. Ci uptake in L-CO2-acclimated pmp1/ad1 cells was almost eliminated, suggesting an 
essential role of LCIB as a Ci transport system specifically in L-CO2 physiological state. 
While it is unlikely that LCIB is a transporter protein itself, since it lacks any significant 
hydrophobic transmembrane helices, LCIB is speculated to be either a regulator of Ci 
transport/accumulation or an essential subunit of a unidentified Ci transport complex (Wang 
and Spalding, 2006). 
Three additional genes, LCIC, LCID and LCIE, were identified by BLAST searches as 
sharing sequence similarity (71~78%) in their gene products with LCIB, thus constituting an 
LCIB protein family. LCIC and LCID are also upregulated under limiting-CO2 conditions 
while expression level of LCIE was very low in L-CO2 and VL-CO2 acclimated cells (Wang 
and Spalding, 2006). Yeast two hybrid analysis indicates LCIB could physically interact 
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with LCIC (Wang and Spalding, unpublished). Thus it is tempting to speculate LCIB and 
LCIC are involved in or regulating a Ci transport complex at least in L-CO2 conditions, 
while a similar complex including LCID and LCIE may function in VL-CO2 acclimation 
state (Wang and Spalding 2006, 2007; Spalding, 2008). 
The C. reinhardtii genome also encodes two Rhesus (RHP1 and RHP2) proteins which 
have similarity to the Rh proteins in the human red blood membrane. Both RHP1 and RHP2 
are predicted to be chloroplast membrane proteins, and the expression of RHP1 is low in 
limiting CO2 but upregulated by high CO2. Knockdown of RHP1 by RNAi resulted in a 
growth defect in high CO2 but normal growth in air. RHP1 was proposed as a bidirectional 
CO2 channel and may allow rapid equilibration of CO2 under high CO2 growth conditions to 
provide sufficient CO2 for photosynthesis (Soupene et al., 2002, 2004; Kustu and Inwood, 
2006). The functions, if any, of the RHP1 and RHP2 in the CCM are not clear. 
Transport into the thylakoid lumen 
Regardless of which type of Ci, CO2 or HCO3-, is transported across the plasma 
membrane and chloroplast envelope, HCO3- is the major Ci species accumulated within the 
alkalinic chloroplast stroma. This accumulated HCO3- serves as the source of high 
concentrations of CO2 for Rubisco after CAH3-catalyzed dehydration in the acidic thylakoid 
lumen. However, it is still unclear how HCO3- is transported across the thylakoid membrane 
into the lumen. An active HCO3- transporter or a facilitated diffusion carrier is proposed, 
while the identities of these proteins remain to be clarified (Moroney and Ynalvez, 2007; 
Spalding, 2008). 
 
Carbonic anhydrases 
Up to now, nine carbonic anhydrase genes were identified in C. reinhardtii, including 
CAH1-CAH9, and some of these proteins are proposed to have possible functions in an 
active CCM (Moroney and Ynalvez, 2007). 
Two periplasmic CAs, CAH1 and CAH2, share high sequence similarity although CAH1 
is induced by limiting-CO2 and the expression of CAH2 is repressed under such conditions 
(Moroney et al., 1985; Fukuzawa et al., 1990; Rawat and Moroney, 1991). CAH1 was 
proposed to convert HCO3- to CO2 at the cell surface to facilitate the uptake of CO2 at the 
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plasma membrane especially under high pH. However, a deletion-mutant of CAH1 gene did 
not demonstrate any significant growth differences from the wild-type cells across all pH 
conditions (pH 6 to pH 9), indicating CAH1 may not be essential for a functional CCM (Van 
and Spalding, 1999). 
CAH3 is located in the thylakoid lumen and the expression of CAH3 message is slightly 
upregulated under limiting-CO2 conditions (Karlsson et al., 1998). The essential role of 
CAH3 in the function of the CCM has been well established. C. reinhardtii strains defective 
in CAH3 cannot grow in limiting-CO2 conditions although a large pool of Ci, presumably 
HCO3-, is accumulated, suggesting cah3 mutants can not use accumulated internal HCO3- 
efficiently for photosynthesis (Funke et al., 1997; Raven 1997; Karlsson et al., 1998; 
Hanson et al., 2003). 
CAH4 and CAH5 are two identical mitochondrial CAs that are induced under limiting-
CO2 conditions (Eriksson et al., 1998). The exact roles of these two CAs are still not clear, 
and multiple hypotheses have been given regarding the potential function of the two proteins, 
including a proposed role to buffer the mitochondrial matrix during photorespiration, or 
recapturing CO2 and supplying HCO3- to PEP carboxylase for NH4+ assimilation under 
certain conditions (Eriksson et al., 1996; Giordano et al., 2003).  
CAH6 is a chloroplast stroma CA, and its expression is not affected by changing CO2 
concentrations (Mitra et al., 2004, 2005). The location of CAH6 suggests it might be 
involved in trapping CO2 that diffuses out of the pyrenoid and the alkaline pH of chloroplast 
stroma under active photosynthesis could facilitate the conversion of CO2 to HCO3- (Mitra et 
al., 2004). 
     Three more recently identified CA genes are CAH7, CAH8 and CAH9. CAH7 and CAH8 
are constitutively expressed at the transcript and protein level and these two proteins share 
63% similarity (Moroney and Ynalvez, 2007). CAH7 is predicted to be localized to 
chloroplast and CAH8 was found to be in the periplasmic space by immunolocalization 
(Ynalvez et al., 2008). Interestingly, CAH1 and CAH8 both are localized to the periplasmic 
space, but CAH8 resides closer to the cell’s membrane while CAH1, which is more 
abundantly expressed under limiting-CO2, is localized farther away from the plasma 
membrane. The location of CAH8 suggests that the gene product might be part of the Ci 
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uptake system in C. reinhardtii and the discovery of CAH8 raised possibility that the 
observed lack of growth defects of a cah1 deletion mutation may have been caused by 
partial complementation by CAH8. The recently discovered CAH9 is tentatively assigned to 
be localized to the cytoplasm. An interesting feature of CAH9 is that its sequence is more 
closely related with bacterial CAs than with other C. reinhardtii CAs. The role of CAH9 in 
CCM remains to be determined (Mitra et al., 2005). 
 
Role of the pyrenoid 
The pyrenoid has recently been regarded as one of the essential components of the CCM 
by providing a localized elevated CO2 concentration for Rubisco, and most eukaryotic 
photosynthetic algae, including C. reinhardtii, contain a pyrenoid (Moroney and Ynalvez, 
2007). Prokaryotic photosynthetic cyanobacteria have a functionally similar CCM as C. 
reinhardtii and have a similar specific localization of Rubisco in a compartment called  
carboxysome within the cytoplasm. The implication of this similarity is that the pyrenoid 
and carboxysome are functionally similar compartments. Some cyanobacterial mutants with 
defects in either carboxysome carbonic anhydrase or carboxysomal shell proteins require 
elevated CO2 for photosynthesis (Schwarz et al., 1995; Price and Badger, 2003). Although 
pyrenoid-less microalgae possessing a CCM, such as some strains of Chloromonas, have 
been identified, these strains have small internal Ci pools (24~31µM) compared with 
microalgae containing typical pyrenoids (231~252 µM; Morita et al., 1998). 
 
Multiple CO2-concentration-dependent acclimation states 
Most of the studies on CCM have focused on two acclimation states: a high CO2 (H-CO2) 
state (5% - 0.5% CO2) and a low CO2 (L-CO2) state (air level; 0.4% - 0.03% CO2). Recently, 
another limiting-CO2 acclimation state was hypothesized based on growth, photosynthesis 
and gene expression characteristics, a very low CO2 (VL-CO2) state (0.01% - 0.005% CO2) 
(Vance and Spalding, 2005). Strong support for two distinct limiting-CO2 states (L-CO2 and 
VL-CO2) comes from the allelic HCR (high-CO2-requiring) mutants, pmp1 and ad1, which 
grow as well (pmp1) or nearly as well (ad1) as wild type cells in both H-CO2 and VL-CO2 
conditions while only dying in L-CO2, indicating a deficient Ci transport and/or 
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accumulation system only in the L-CO2 acclimation state (Wang and Spalding, 2006). 
Quantitative physiological analyses of L-CO2 or VL-CO2 acclimated wild-type cells also 
confirmed the existence of a multi-tiered regulatory program which is controlled by CO2 
concentrations (Vance and Spalding, 2005). 
 
Challenges and future directions for study of Ci transporters 
While a number of candidate Ci transport proteins have been identified in C. reinhardtii, 
none of them could be definitely proven to transport Ci in vivo or in vitro. One of the biggest 
challenges in studying the CCM is identifying the essential transport components, clarifying 
their substrate specificities, other regulatory components or subunits in Ci transport 
complexes and elucidating their mechanisms. At least several good candidates have been 
identified for Ci transport across the plasma membrane and the chloroplast envelope, but 
there still is no candidate thylakoid HCO3- transporter identified yet. 
In cyanobacteria, a variety of active CO2 and HCO3- uptake systems have been 
characterized. These Ci transport complexes have complementary functions, and disruption 
of one transport complex does not result in significant growth inhibition under limiting-CO2 
(Price et al., 2002, 2008). A similar scenario might exist in C. reinhardtii and would thus 
prevent identification of putative Ci transporters by phenotype screening. A forward genetic 
approach, either by knocking down candidate genes with RNAi or gain-of-function analysis 
in C. reinhardtii and/or other heterologous organisms, may be one way of proceeding. 
Transcriptional analysis of gene expression profiles, identification of proteins interacting 
with known CCM components, and comparative bioinformatic analysis of multiple genomes, 
including C. reinhardtii and other microalgae, could also be helpful in identifying key Ci 
transporters. 
 
Dissertation Organization 
 The thesis is written in the format to include two published papers (Chapter 2 and 3). 
The first paper demonstrates the characterization of three HCO3- transport and accumulation 
systems and the second paper describes newly isolated insertional suppressor of lcib mutant 
that dies in air-level of CO2 concentration. Other identified lcib suppressors were 
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characterized and described in chapter 4. The dissertation is concluded with a general 
summary in chapter 5. 
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CHAPTER 2. KNOCKDOWN OF LIMITING-CO2-INDUCED GENE 
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Abstract 
 
 The CO2-concentrating mechanism (CCM) of Chlamydomonas reinhardtii and other 
microalgal species is essential for photosynthetic growth in most natural settings. A great 
deal has been learned regarding the CCM in cyanobacteria, including identification of 
inorganic carbon (Ci; CO2 and HCO3-) transporters, while specific knowledge of analogous 
transporters has remained elusive in eukaryotic microalgae such as C. reinhardtii. Here, we 
have investigated whether the limiting-CO2-inducible, putative ABC-type transporter, HLA3 
might function as a HCO3- transporter by evaluating the effect of pH on growth, 
photosynthetic Ci affinity and [14C]-Ci uptake in very low CO2 conditions following RNA 
interference (RNAi) knockdown of HLA3 mRNA levels in wild-type and mutant cells. 
Although knockdown of HLA3 mRNA alone resulted in only modest but high-pH-dependent  
decreases in photosynthetic Ci affinity and Ci uptake, the combination of nearly complete  
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knockdown of HLA3 mRNA with mutations in LCIB (encodes limiting-Ci inducible, plastid 
localized protein required for normal Ci uptake or accumulation in low CO2 conditions) 
and/or simultaneous, apparently off-target knockdown of LCIA mRNA (encodes limiting-Ci 
inducible, plastid envelope protein reported to transport HCO3-) resulted in dramatic 
decreases in growth, Ci uptake and photosynthetic Ci affinity, especially at pH 9.0, where 
HCO3- is the predominant form of available Ci. Collectively, the data presented here provide 
compelling evidence that HLA3 is directly or indirectly involved in HCO3- transport and 
provide additional evidence supporting a role for LCIA in chloroplast envelope HCO3- 
transport and for LCIB in chloroplast Ci accumulation. 
 
Introduction 
Carbon dioxide (CO2) is the substrate for net photosynthetic carbon assimilation via the 
enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and, because of its 
variable availability, especially in aquatic environments, CO2 is an important regulator of 
the growth and development of photosynthetic organisms. The green microalga 
Chlamydomonas reinhardtii responds to limitations in inorganic carbon (Ci; CO2 and HCO3-) 
supply by inducing a functional CO2-concentrating mechanism (CCM), which serves both to 
increase the photosynthetic rate and to suppress the wasteful oxygenation of RuBP (1, 2). 
The CCM uses active Ci transport, both at the plasma membrane and the chloroplast 
envelope (3, 4), to accumulate HCO3- within the chloroplast stroma. The details of 
microalgal Ci transport remain unclear, but accumulated stromal HCO3- is readily 
dehydrated by the thylakoid lumen carbonic anhydrase (CAH3) to release CO2 for 
assimilation by Rubisco (2, 5, 6).  
Although Ci transport and accumulation systems are critical elements of the microalgal 
CCM, specific Ci transporters have yet to be identified. Three candidate Ci transporters 
identified in C. reinhardtii include LCIA, LCIB and HLA3 (7-11). LCIA (Nar1.2, predicted 
MW 34.8 kDa), is a limiting-CO2 induced chloroplast envelope protein of the 
Formate/Nitrite Transporter (FNT) protein family (7, 8), and unlike other C. reinhardtii 
NAR1 family members, is considered a candidate Ci transporter, because its expression is 
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regulated by CO2 irrespective of the nitrogen source (8), and, when expressed in Xenopus 
oocytes, is reported to confer HCO3- transport activity (12).  
The C. reinhardtii pmp1 mutant, originally characterized as deficient in Ci transport, 
grows well in both high and very low CO2 conditions while dying only in low (air level) 
CO2, indicating a deficient Ci transport or accumulation system only in low CO2 (13, 14). 
The defective gene in pmp1 and an allelic mutant ad1 was identified as the limiting-CO2 
inducible gene, LCIB, which encodes a soluble, plastid protein of unknown function. LCIB 
(predicted MW 48 kDa) was postulated to represent a component of a plastid envelope Ci 
transporter (9) but more recently was implicated in recapture of CO2 inside the chloroplast 
(15). The mutant phenotype of pmp1/ad1 distinguishes it from most other non-acclimating 
mutants and indicates the existence of at least three CO2-concentration-dependent 
acclimation states, subsequently defined as a high CO2 (H-CO2) state (5% - 0.5% CO2), low 
CO2 (L-CO2) state (air level; ~0.04% CO2) and very low CO2 (VL-CO2) state (~0.01% CO2) 
(16).  
HLA3 (CrMRP1, predicted MW 119.7 kDa) is a limiting-CO2 induced member of the 
multidrug-resistance-related protein (MRP) subfamily of the ATP-binding cassette (ABC) 
transporter superfamily, best known in animals as drug efflux pumps, although plant MRP 
type ABC transporters are involved in diverse transport processes (10, 11, 17, 18). Seven 
putative MRP type ABC transporters were identified in C. reinhardtii (11), but only 
CrMRP1 (HLA3) expression is controlled by CIA5, a master regulator of the limiting-CO2 
induced CCM (10, 19, 20). CrMRP1/HLA3 contains a full size ABC-MRP domain 
arrangement (10), which argues for an ATP-dependent transport function during limiting-
CO2 acclimation, possibly HCO3- transport across the plasma membrane, since HLA3 is 
predicted (WoLF PSORT; 21) to be targeted to the secretory pathway. 
In spite of numerous screens for H-CO2 requiring C. reinhardtii mutants defective in Ci 
transport, the allelic LCIB mutants pmp1 and ad1 are the only mutants identified with any 
putative connection to Ci transport (2). Thus we speculated that, as in cyanobacteria (22), 
multiple Ci transport systems in C. reinhardtii may provide overlapping functions that 
complement each other, making it unlikely to identify a single Ci transporter mutant by 
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phenotype. We hypothesized that LCIB mutants are able to grow in VL-CO2 because the lost 
function of LCIB in VL-CO2 acclimated C. reinhardtii is complemented by another Ci 
uptake system, possibly involving HLA3. To test this hypothesis we used RNA interference 
(RNAi) to knockdown expression of HLA3, predicting that, even if knockdown of HLA3 
mRNA alone produced no apparent phenotype, HLA3 mRNA knockdown in an LCIB 
mutant background might reveal complementary or overlapping functions between these 
two Ci uptake and accumulation candidates.  
In this paper, we demonstrate marked knockdown of HLA3 mRNA levels with two 
distinct RNAi constructs. We also demonstrate the associated inability of HLA3 RNAi 
knockdown mutants, when combined either with LCIB mutations or simultaneous 
knockdown of LCIA mRNA, to grow in VL-CO2 at pH 9, at which the predominant form of 
Ci is HCO3-. These results strongly support the hypothesis that HLA3 is directly or 
indirectly required for HCO3- transport. The data also provide additional evidence that LCIB 
is involved in HCO3- accumulation in chloroplast and that LCIA is involved in chloroplast 
HCO3- transport in C. reinhardtii. 
Results 
 
TR-RNAi vector decreases expression of both HLA3 and LCIA.  Intrinsic direct 
repeats are not used as often as inverted repeats for RNAi, but also induce post-
transcriptional gene silencing effectively in tobacco (23). To test the effectiveness of such 
tandem repeats (TR) in C. reinhardtii, we transformed the TR-RNAi plasmid AphVIII-
HLA3 TR (Supporting information (SI) Fig. S1A) into wild type CC125 and pmp1, which 
has an air-dier phenotype resulting from a mutation in LCIB (9). Of approximately 200-250 
paromomycin resistant, TR-RNAi transformants of each CC125 and pmp1, approximately 
1.5% showed a strong decrease in HLA3 mRNA abundance. Four CC125-TR-RNAi lines 
(CC125TR30, CC125TR33, CC125TR64, and CC125TR225) and two pmp1-TR-RNAi lines 
(pmp1TR29 and pmp1TR51) were selected for further analysis, along with additional 
transformants chosen as controls (CC125C55, CC125C80, pmp1C124 and pmp1C130). 
Unexpectedly, expression of another limiting-CO2 inducible gene, LCIA, also was markedly 
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decreased in the CC125-TR-RNAi and pmp1-TR-RNAi knockdown lines but not in the 
control lines (Fig. 1). Message abundance for other limiting-CO2 inducible genes tested 
(LCIB, CCP1/2, CAH1, LCI1) appeared unaffected (data not shown). We hypothesize that 
this apparent co-knockdown of LCIA mRNA results from moderate sequence similarity 
between LCIA and the HLA3 sequences used in TR-RNAi.  
VL-CO2 acclimated CC125-TR-RNAi knockdown lines have severe inhibition of 
growth, photosynthesis and Ci accumulation at high pH.  The large decrease in HLA3 
and LCIA expression in CC125-TR-RNAi lines CC125TR30, CC125TR33, CC125TR64, 
and CC125TR225 resulted in no apparent effect on growth in VL-CO2 at pH 6.0 or 7.3, but 
severe inhibition of growth at pH 9.0 (Fig. 2A and Fig. S2). Apparent photosynthetic Ci 
affinity of CC125TR30 and CC125TR64 also was unaffected at pH 6.0 (Table S1) but in 5 
µM Ci was inhibited by 55-70% and 62-87% at pH 7.3 and pH 9.0, respectively (Table 1). 
Consistent with spot tests and photosynthetic affinity results, internal Ci accumulation in 
CC125TR30 and CC125TR64 was only slightly inhibited at pH 7.3 but was inhibited 75-
85% at pH 9.0 in 50 µM Ci (Table 2).  
VL-CO2 acclimated pmp1-TR-RNAi knockdown lines require high CO2 for survival. 
All 200 selected pmp1-TR-RNAi transformants grew normally in H-CO2, none grew in L-
CO2 (consistent with the pmp1 air-dier phenotype), and 2 transformants also could not grow 
in VL-CO2, in contrast with the parent pmp1 and the control pmp1-TR-RNAi lines (Fig. 2B). 
The large decrease in HLA3 and LCIA expression in pmp1TR29 and pmp1TR51 resulted in 
dramatic decreases in photosynthetic Ci affinity at pH 7.3 and pH 9.0 (Table 1) and marked 
inhibition of intracellular Ci accumulation (Table 2), suggesting a very low capacity for 
HCO3- usage when expression levels of both HLA3 and LCIA are suppressed. However, at 
odds with the lack of growth in the VL-CO2 acclimated pmp1-TR-RNAi strains (Fig. S2), no 
decrease in photosynthetic Ci affinity was observed at pH 6.0 (Table S1). It also is 
noteworthy that a loss of the H-CO2 growth requirement of pmp1TR51 over a period of 
months correlated with a recovery of both HLA3 and LCIA mRNA abundance (data not 
shown).  
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IR-RNAi vector decreases expression of HLA3 alone.  An inverted repeat (IR) RNAi 
vector (AphVIII-HLA3 IR) also was constructed using the HLA3 3’UTR sequence (Fig. 
S1B). Of approximately 100 paromomycin resistant RNAi transformants of each cw10 and 
ad1, wall-less WT and LCIB-defective strains, respectively, ~10% of the putative RNAi 
lines showed a strong decrease in HLA3 mRNA abundance. Among these, two cw10-IR-
RNAi lines (cw10IR21 and cw10IR32) and three ad1-IR-RNAi transformants (ad1IR53, 
ad1IR311 and ad1IR312) were selected for further analysis, along with control transformant 
lines cw10C10, cw10C20, cw10C26, cw10C38, ad1C52, and ad1C100. Unlike the TR-
RNAi vector, the IR-RNAi vector appeared to target knockdown of HLA3 specifically, since 
the mRNA abundance for all other analyzed limiting Ci inducible genes, LCIA, CAH1, 
CCP1/2 and LCI1, was not affected (Fig. S3B). 
VL-CO2 acclimated cw10-IR-RNAi and ad1-IR-RNAi knockdown lines have only 
minor photosynthetic defects at neutral pH.  No significant growth differences at pH 6.0 
or 7.3 were observed with any of the cw10-IR-RNAi and ad1-IR-RNAi lines based on spot 
tests and liquid growth (Fig. S3A; liquid growth data not shown), even though HLA3 mRNA 
abundance was almost undetectable (Fig. S3B). The apparent photosynthetic Ci affinity of 
the cw10-IR-RNAi strains was unaffected at pH 6 and pH 7.3, except for a 25% inhibition at 
20 µM Ci and pH 7.3, and that of the ad1-IR-RNAi lines was unaffected at pH 6.0 but 
substantially inhibited at pH 7.3 (Table S2). These results are consistent with a high-pH 
specific inhibition of photosynthesis by knockdown of HLA3 expression in the IR-RNAi 
lines. Wall-less strains cw10 and ad1 were used to improve transformation efficiency, but, 
because of fragility of the wall-less cells during silicone oil centrifugation, Ci uptake 
experiments yielded highly variable data and were considered unreliable. 
Walled progeny of cw10-IR-RNAi lines retain knockdown of HLA3.  Northern 
analysis of selected paromomycin-resistant, walled progeny (CC620IR21.1, CC620IR21.2, 
CC620IR32.1 and CC620IR32.2) from crosses between cw10-IR-RNAi lines, cw10IR21 
and cw10IR32 with walled WT strain CC620, and of paromomycin-resistant, air-dier, 
walled progeny (pmp1IR21.3 and pmp1IR21.4) from crosses between cw10IR21 with pmp1 
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demonstrated that paromomycin resistance was co-inherited with knockdown of HLA3 
mRNA abundance (Figs. 3A, 3B).  
VL-CO2 acclimated CC620-IR-RNAi walled progeny exhibit high pH specific 
growth deficiency.  Spot tests showed no apparent growth inhibition of the CC620-IR-
RNAi progeny in VL-CO2 even at pH 9 (Fig. S4), but some growth inhibition of 
CC620IR21.1 and CC620IR32.1 was observed at pH 9.0 in liquid medium (Fig. 4). 
Consistent with this growth phenotype, both photosynthetic Ci affinity and internal Ci 
accumulation of VL-CO2 acclimated CC620IR21.1 and CC620IR32.1 were substantially 
inhibited at pH 9.0, where HCO3- is the predominant Ci species (>99%), and even decreased 
slightly at pH 7.3 in 20 µM Ci (Tables 1 and 2).  
VL-CO2 acclimated pmp1-IR-RNAi walled progeny exhibit high pH specific growth 
deficiency.  Spot tests showed no apparent growth inhibition of the pmp1-IR-RNAi progeny 
pmp1IR21.3 and pmp1IR21.4 in VL-CO2 at pH 7.3 but marked inhibition of growth at pH 
9.0 (Fig. 5). Consistent with this high pH sensitive growth phenotype, both apparent 
photosynthetic Ci affinity and internal Ci accumulation of VL-CO2 acclimated pmp1IR21.3 
and pmp1IR21.4 were markedly inhibited at both pH 7.3 and pH 9.0 (Tables 1 and 2).  
 
Discussion 
Most reverse genetic approaches are technically challenging in C. reinhardtii, the 
exception being RNAi based knockdown of endogenous gene expression (24). In this work, 
two quite different RNAi constructs both were highly effective in minimizing HLA3 mRNA 
accumulation. The IR-RNAi construct, in which the antibiotic resistance gene and HLA3 
sequences were transcriptionally linked, yielded almost 10-times as many effective RNAi 
transformants as the TR-RNAi construct, in which the antibiotic resistance gene and HLA3 
sequences were transcribed separately. Although the specific HLA3 sequences and their 
arrangement (TR vs IR) cannot be excluded, it is tempting to speculate that transcriptional 
linkage of HLA3 IR and antibiotic marker sequences increased knockdown efficiency by 
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minimizing transcriptional silencing. In any event, both constructs successfully decreased 
the HLA3 mRNA abundance.  
As illustrated in Figure 6, there are two major inferred pathways for HCO3- accumulation 
in the chloroplast, via active HCO3- transport (across the plasma membrane and chloroplast 
envelope, possibly mediated by HLA3 and LCIA) and active CO2 uptake (either via active 
transport across the plasma membrane and/or chloroplast envelope or diffusion across the 
same membranes in response to active depletion internally) along with rapid conversion of 
CO2 to HCO3- in the alkaline stroma, possibly mediated by CAH6 and/or LCIB. CAH3-
catalyzed CO2 release from accumulated HCO3- raises the concentration of CO2 around 
Rubisco, localized primarily in the pyrenoid, an internal compartment within the stroma of 
algae. Because the equilibrium between the weak acid CO2 and its hydrated conjugate base, 
HCO3-, is pH dependent (pKa=6.37), changes in the pH and the total Ci concentration can be 
used to perturb the relative and absolute CO2 and HCO3- concentrations, allowing insight 
into the Ci species utilized under given conditions.  
RNAi-mediated knockdown of HLA3 mRNA abundance was used to explore the role of 
HLA3 in the C. reinhardtii CCM. Specific RNAi knockdown of HLA3 expression alone in 
wall-less cw10 and in walled CC620 resulted in a small decrease in growth and substantial 
decreases in both photosynthetic Ci affinity and Ci uptake specifically at alkaline pH, 
although small but significant decreases in photosynthesis and Ci uptake were observed 
even at neutral pH, but not at pH 6. Since the CO2-HCO3- equilibrium shifts towards HCO3- 
at higher pH, the observed decrease in photosynthesis and internal Ci accumulation in the 
HLA3 knockdown strains only at the lower Ci concentration of 20 µM in pH 7.3 but at both 
20 µM and 50 µM Ci in pH 9.0 argues strongly that the HLA3 knockdown causes a 
deficiency in HCO3- uptake. The equilibrium CO2 concentration available for direct CO2 
uptake at the cell surface at pH 7.3 would be 5.9 µM at 50 µM Ci but only 2.4 µM at 20 µM 
Ci, whereas at pH 9.0 the equilibrium CO2 concentrations would be only 0.12 µM CO2 even 
at 50 µM Ci. Thus we hypothesize that the CO2 concentration threshold for a significant 
decrease in photosynthesis and Ci accumulation in the absence of HCO3- transport lies 
below 5.9 µM CO2 and that the decrease in photosynthesis and Ci accumulation below this 
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threshold CO2 concentration represents a defect in the ability of the cells to utilize the more 
abundant HCO3- in the absence of substantial HLA3 expression.  
These data from HLA3 knockdown in cw10 and CC620 alone argue that HLA3 plays a 
role in the transport of HCO3-, the predominant Ci form at alkaline pH. Convincing support 
for this conclusion is provided by data from the combination of HLA3 knockdown with 
either a mutation in LCIB, which encodes a plastid localized protein required in L-CO2 for 
normal Ci accumulation, either by trapping CO2 released from accumulated stromal HCO3- 
or by facilitating active uptake of CO2 by chloroplasts (9, 15), or the off-target, simultaneous 
knockdown in CC125 of LCIA, which encodes a plastid envelope protein reported to 
transport HCO3- (14). In both cases, the combined defects resulted in dramatic decreases in 
growth, Ci uptake and photosynthetic Ci affinity, especially at alkaline pH. A schematic 
diagram of how these putative Ci uptake and accumulation components might participate in 
the CCM is illustrated in Figure 6.  
Loss of function mutations in LCIB result in loss of growth and almost complete loss of 
Ci accumulation in L-CO2 acclimated cells, but have only minimal effects in cells 
acclimated to VL-CO2 (9), demonstrating that an LCIB-independent Ci accumulation 
process masks the effect of LCIB loss in the VL-CO2 state. Thus the inability of VL-CO2 
acclimated pmp1IR21.3 and pmp1IR21.4 to grow specifically at alkaline pH, together with 
the markedly decreased photosynthetic Ci affinity and Ci accumulation of the same cells at 
pH 9 provides compelling evidence that knockdown of HLA3 effectively removes this 
LCIB-independent Ci accumulation mechanism specifically at alkaline pH, where HCO3- is 
the dominant Ci species. This conclusion also is supported by decreases in photosynthesis 
and Ci uptake observed in pmp1IR21.3 and pmp1IR21.4 and in ad1-IR-RNAi knockdowns 
at neutral pH, even though growth in spot tests was not significantly affected at this pH.  
The apparently highly specific co-suppression of both HLA3 mRNA and LCIA mRNA 
levels by the HLA3-TR-RNAi was unexpected, since few, if any, mismatches are tolerated 
in effective RNAi design (25). The HLA3 sequence used was screened against the C. 
reinhardtii genome, and its later comparison with LCIA mRNA revealed the region of 
greatest homology contained no more than six perfectly matched sequential nucleotides in 
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any 23 nucleotide stretch within a sequence containing only about 70% matched nucleotides. 
However, with this TR-RNAi construct, severely decreased LCIA mRNA abundance was 
always associated with HLA3 mRNA knockdown, including the mRNA level recovery for 
both genes as pmp1TR51 lost its phenotype, providing a compelling argument that, in this 
specific case, this homology level is sufficient to support "off target" destruction of LCIA 
mRNA. 
The off-target, simultaneous knockdown of LCIA expression along with HLA3 by TR-
RNAi in CC125 provided another uncovering of HLA3 function by removal of an apparent 
LCIA dependent Ci accumulation process. LCIA, a limiting-CO2 inducible NAR1 family 
member in C. reinhardtii, is a predicted chloroplast inner envelope protein (8) and is 
reported to transport HCO3- when expressed in Xenopus oocytes (12). CC125-TR-RNAi 
lines showed no growth inhibition at acidic and neutral pH, but cell growth, photosynthesis 
and Ci uptake all were dramatically decreased at alkaline pH. Since walled progeny of 
cw10-IR-RNAi (CC620IR21.1 and CC620IR32.1) acclimated better than the CC125-TR-
RNAi strains, it is clear that LCIA can partially compensate for the loss of HLA3 function in 
VL-CO2 acclimated cells, at least at high pH. We have no direct evidence for the phenotype 
of an LCIA knockdown alone, but the high pH sensitive phenotype of the LCIA and HLA3 
co-knockdown in CC125 argues strongly that LCIA and HLA3 are key synergistic or 
complementary components of a Ci transport pathway (Fig. 6).  
Combining the HLA3 knockdown with both the off-target LCIA knockdown and a LCIB 
mutation provided further insight and confirmation of the overlapping functions of HLA3, 
LCIA and LCIB. The inability of these strains to grow in VL-CO2 at any tested pH, together 
with their markedly decreased photosynthetic Ci affinity and Ci uptake at neutral and 
alkaline pH, indicates that one or more of the three putative Ci uptake and accumulation 
systems also plays an important role in Ci accumulation at acidic pH in VL-CO2. With 
functional expression of HLA3, LCIA and LCIB either compromised or defective in pmp1-
TR-RNAi lines, their Ci uptake and photosynthetic affinity at neutral or alkaline pH 
decreased to the levels of the non-acclimating mutant cia5 (Tables 1 and 2) in which most 
limiting-CO2 inducible genes are not expressed (20). LCIB is located in the chloroplast 
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stroma (15) and is required for Ci accumulation specifically in L-CO2 conditions (9), but this 
does not preclude LCIB from serving a redundant or overlapping function with other Ci 
accumulation processes in the VL-CO2 acclimation state (15). LCIA also apparently is 
located in the plastid envelope, so the combination of an LCIB mutation and LCIA 
knockdown might explain the observed extreme phenotype in VL-CO2 if the Ci uptake and 
accumulation systems associated with these two proteins together represent the bulk of Ci 
uptake and accumulation in the plastid.  
Although not yet demonstrated physically, HLA3 is predicted to be located in the plasma 
membrane (WoLF PSORT, 21), and the pH-dependence of the HLA3 knockdown strains’ 
phenotypes argues strongly for a plasma membrane localization. The cytosolic pH of C. 
reinhardtii is relatively stable to external pH changes over its optimal growth range of pH 
5.5 and 8.5 (26, 27), so the observed high-pH dependent decrease in Ci affinity of HLA3 
knockdown strains indirectly argues for the plasma membrane as the probable location of 
HLA3.  
The differential responses of the CC125 and pmp1 strains to TR-RNAi mediated co-
silencing of HLA3 and LCIA, together with the clear differential responses of the CC620 and 
pmp1 strains to IR-RNAi induced knockdown of HLA3 alone, support the hypothesis that 
multiple limiting-CO2 induced and/or activated Ci uptake and accumulation systems 
function in C. reinhardtii. HLA3-dependent, LCIA-dependent and LCIB-dependent Ci 
uptake and/or accumulation systems appear to act at least partially in overlapping, 
complementary functions. It is reasonable to expect multiple Ci transport systems in C. 
reinhardtii, since at least four distinct Ci uptake systems are known in cyanobacteria, which 
have a functionally similar CCM (22). In cyanobacteria, mutation of only one Ci uptake 
system has little phenotypic effect, because of compensation by overlapping Ci uptake 
systems. So a similar phenomenon might explain the minimal phenotypic effect of HLA3 
knockdown alone, as well as increased phenotypic impact of HLA3 and LCIA co-
suppression or of HLA3 and LCIA co-suppression in an LCIB mutant background.  
In summary, knockdown of HLA3 (and LCIA) expression reported here demonstrates that 
the HLA3 gene product is required to provide sufficient Ci uptake and/or accumulation to 
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sustain an active CCM for optimal photosynthesis at high pH in limiting CO2 environments. 
It is also demonstrated that the function of HLA3 is masked somewhat by other Ci uptake 
systems, including LCIA, a putative chloroplast HCO3- transporter, and LCIB, a chloroplast 
protein required for effective Ci accumulation in the L-CO2 acclimation state. To our 
knowledge, this is the first clear link of a probable plasma membrane protein to Ci uptake 
function in a eukaryotic microalga. It is still not clear whether HLA3 is directly involved in 
HCO3- transport or indirectly facilitates the activity of other HCO3- transporters, but the data 
presented here strongly argue for the involvement of HLA3 in HCO3- transport, either 
directly or indirectly, at the plasma membrane of C. reinhardtii.  
Materials and Methods 
C. reinhardtii strains and growth conditions.  C. reinhardtii strains CC849 (cw10 mt-) 
and wild type CC125 were obtained from the Chlamydomonas Stock Center, Duke 
University, Durham, NC. The allelic LCIB-defective mutants pmp1 and ad1 have been 
described previously, as have media and growth conditions for C. reinhardtii strains (9, 13).  
    RNAi vector construction, transformation and selection. For generating the AphVIII-
HLA3 inverted repeat (IR) transgene, a 540-bp fragment corresponding to the 3’UTR 
sequence of HLA3 was amplified with primers HLA3-XbaI-S [5’-
aattctagaCAGTGACCCAAAGC-3’] and HLA3-HindIII-As [5’- 
tttaagcttTTTGTCACTCGCGCT-3’]; HLA3-BamHI-S [5’-
aaaggatccCAAAGCAGGTGAGAA-3’] and HLA3-HindIII-As [5’-gccaagcttCTTTTAATT 
CTGCAACC-3’]. The two PCR products were ligated into XbaI/BamHI sites of plasmid 
pSI103 (32). This HLA3 IR cassette was then excised with XbaI/KpnI and cloned into the 
XbaI/KpnI sites of plasmid pSP124S. The AphVIII gene was further amplified with primers 
SacI-AphVIII [5’-ggggagctcGCTGAGGCTTG-3’] and XbaI-AphVIII [5’-
cctctagaTCAGAAGAACTCGTCCAACAGC-3’] and inserted into the XbaI/SacI sites of 
pSP124S-HLA3 IR intermediate plasmid. The final RNAi vector, in which the HLA3 
inverted repeat is transcribed as part of the AphVIII transcript, was named AphVIII-HLA3 
IR.  
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For generating tandem repeat construct, a 120-bp fragment from HLA3 exon6 was 
amplified by PCR with primers N-1 [5’-caaccatgg TCCATCTCCCTCTTCAACTC-3’] and 
E-1 [5’- caagaattcGGACGATTTGCTTGGCGACG-3’]; E-2 [5’- 
caagaattcCATCTCCCTCTTCAACTCCG -3’] and P-2 [5’-
caactgcagGGACGATTTGCTTGGCGACG-3’]. The two PCR products were inserted into 
NcoI/PstI sites of plasmid p300 (35). The intermediate plasmid was PCR amplified with 
primers P-3 [5’-caactgcagTCCATCTCCCTCTTCAACTC-3’] and X-3[5’-
caactcgagGGACGATTTGCTTGGCGACG-3’]. The PCR product was ligated into 
PstI/XhoI site of intermediate plasmid and thus named 4×HLA3 plasmid. The 4×HLA3 
construct was then excised with XbaI/BamHI and inserted into XbaI/BamHI sites of vector 
pGenD-Ble (33). An AphVIII cassette was excised with HindIII/KpnI from the plasmid 
psI103 and inserted into HindIII/KpnI sites of the p53 vector. The chimeric plasmid was 
double digested with HindIII/NdeI to eliminate the Ble gene and re-ligated. The resulting 
RNAi plasmid (containing 4×HLA3 cDNA tandem repeat and AphVIII gene) was named 
AphVIII-HLA3 TR. 
For transformation, cells were collected and resuspended in autolysin for approximately 
1h (autolysin treatment only for walled cells CC125 and pmp1) to remove the cell walls and 
glass bead transformations were performed as previously described (16). Paromomycin 
resistant transformants were selected as RNAi lines. 
Spot tests, Photosynthetic O2 exchange and Ci uptake measurements.  Cells grown to 
logarithmic phase were serially diluted in minimal medium, spotted onto agar plates with 
specified pH and kept at H-CO2, L-CO2 and VL-CO2 levels for 9 days. Plates were buffered 
with 25 mM MES-KOH for pH 6, 25 mM MOPS-KOH for pH 7.3, and 25 mM AMPSO-
KOH for pH 9. Photosynthetic O2 evolution was measured as described previously (11). The 
Ci uptake by C. reinhardtii cells at pH 7.3 or 9.0 was estimated by the silicone oil filtration 
technique (30).  
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Figure Legends.  
Figure 1. Northern blot analysis of TR-RNAi strains derived from (A) pmp1 and (B) wild-
type CC125. Cells were acclimated to VL-CO2 for 4h and 16h. Total RNA was separated 
and hybridized to HLA3 and LCIA coding sequences.  
Figure 2. Effect of HLA3 TR-RNAi transgene on the growth of (A) CC125 RNAi 
transformants and (B) pmp1 RNAi transformants on minimal plates in H-CO2 or VL-CO2. 
Cells grown to logarithmic phase were diluted to the indicated cell numbers per 5 µl, spotted 
on plates and incubated for 9 days under dim light.  
Figure 3. Northern blot analysis of (A) wild type CC620 and CC620×cw10-RNAi-progeny 
and (B) pmp1 and pmp1×cw10-IR21 progeny, all acclimated to VL-CO2 for 24 hours. 
Figure 4. Liquid growth curves for wild type CC620 (♦) and CC620×cw10-RNAi-progeny 
IR21.1 (■) and IR32.1(●) in pH 7.3 or pH 9.0 minimal medium and VL-CO2. Growth curves 
shown are averages of three independent measurements, and the grey bars indicate 
maximum standard errors for each time point.   
Figure 5. Spot test growth of walled pmp1×cw10-IR21 progeny (pmp1IR21.3 and 
pmp1IR21.4) on neutral and alkaline minimal plates in H-CO2 or VL-CO2.  
Figure 6. Schematic diagram illustrating the suggested roles of HLA3, LCIA and LCIB, as 
well as of the carbonic anhydrases CAH1, CAH3 and CAH6, in the C. reinhardtii CCM. 
Other potential Ci transport and accumulation components indicated by question marks only 
include: pale green circles - potential active CO2 transport or passive CO2 diffusion sites; 
purple ovals - potential additional HCO3- transporters; purple circle - predicted HCO3- 
facilitated diffusion across the thylakoid membrane. Predicted sites of disruption by 
mutations ad1, cia5, and pmp1, and of IR-RNAi and TR-RNAi mediated gene expression 
knockdowns are indicated in red print.  
Figure S1. Schematic diagram of the RNAi constructs (A) AphVIII-HLA3 TR, in which a 
120-bp fragment of the HLA3 coding sequence (exon 6) was cloned into the vector as four 
tandem repeats under control of the RBCS2 promoter and terminator, and (B) AphVIII-
HLA3 IR, in which the 540-bp HLA3 3’ UTR was cloned in the forward and reverse 
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orientations behind the AphVIII selectable marker to generate an AphVIII/HLA3-IR 
cistronic transcription unit under control of the HSP70/RBCS2 promoter and terminator. 
Restriction sites: B, BamHI; E, EcoRI; H, HindIII; K, KpnI; N, NcoI; P, PstI; S, SacI; Xb, 
XbaI; Xh, XhoI. 
Figure S2. Effect of HLA3 TR RNAi transgene expression on the growth of CC125-TR-
RNAi and pmp1-TR-RNAi transformants on minimal plates at pH 6 in H-CO2 or VL-CO2 
chambers. Cells grown to logarithmic phase were diluted to the indicated cell numbers per 5 
µl, spotted on plates and incubated for 9 days under dim lights.  
Figure S3. Effects of HLA3 IR transgene on growth and HLA3 expression in wall-less 
cw10- IR-RNAi and ad1-IR-RNAi strains. (A) Growth of cw10 and ad1 RNAi 
transformants on pH 7.3 minimal plates in H-CO2 or VL-CO2 chambers. Cells grown to 
logarithmic phase were diluted to the indicated numbers per 5µl, spotted on plates and 
incubated for 9 days under dim lights. (B) Northern blot analysis showing the effects of the 
HLA3 IR-RNAi transgene on the expression of HLA3 and other limiting-Ci-regulated genes 
(LCIA, CAH1, CCP1/2, and LCI1) in wall-less strains cw10 and ad1 using the coding 
sequences of these genes as probes. Cells were acclimated to VL-CO2 conditions for 24 
hours.   
Figure S4. Growth of walled progeny of CC620×cw10-IR-RNAi on neutral and alkaline 
minimal plates in H-CO2 or VL-CO2 chambers.  
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Table 1. Photosynthetic Ci affinity of wild type (CC125 and CC620), pmp1, cia5, and TR-
RNAi or IR-RNAi strains.  
 pH 7.3  pH 9.0 
Strains P5 P20 P50  P5 P20 P50 
No RNAi        
CC125 0.30±0.03  0.63±0.07  0.16±0.04  0.41±0.02 
CC620  0.37±0.03 0.67±0.03   0.30±0.03 0.49±0.03 
pmp1 0.24±0.03 0.40±0.03 0.48±0.04  0.27±0.04 0.60±0.05 0.78±0.09 
cia5 0.04±0.01  0.08±0.02  0.02±0.01  0.02±0.01 
TR-RNAi        
CC125TR30 0.09±0.02  0.66±0.06  0.02±0.01  0.37±0.09 
CC125TR64 0.14±0.03  0.57±0.05  0.06±0.04  0.36±0.08 
CC125C55 0.33±0.04  0.60±0.05  0.18±0.04  0.39±0.03 
pmp1TR29 0.07±0.03  0.13±0.03  0.04±0.02  0.08±0.04 
pmp1TR51 0.04±0.02  0.06±0.03  0.02±0.01  0.03±0.02 
pmp1C130 0.22±0.02  0.46±0.05  0.24±0.04  0.69±0.08 
IR-RNAi        
CC620IR21.  0.29±0.03 0.66±0.05   0.11±0.04 0.28±0.04 
CC620IR32.  0.28±0.02 0.62±0.06   0.10±0.02 0.22±0.03 
pmp1IR21.3  0.12±0.02 0.22±0.05   0.05±0.02 0.12±0.05 
pmp1IR21.4  0.14±0.03 0.21±0.06   0.09±0.05 0.15±0.05 
Cells acclimated 1d to VL-CO2 and O2 evolution rates determined in pH 7.3                                            
and 9.0 at 5 µM (v5), 20 µM (v20), 50 µM (v50), and 4000 µM (v4000) NaHCO3. Relative Ci 
affinity calculated as ratios: P5=v5/v4000; P20=v20/v4000; P50=v50/v4000. Chl was 25 µg/mL. 
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Table 2. Internal Ci concentration (mM) of wild type (CC125 and CC620), 
pmp1, cia5, and TR-RNAi or IR-RNAi strains. 
 pH 7.3  pH 9.0 
Strains 20 µM 50 µM  20 µM 50 µM 
No RNAi      
CC125  1.780.24   1.800.33 
CC620 2.650.30 3.400.33  1.870.20 3.200.19 
pmp1 1.160.21 1.770.37  0.690.20 1.240.34 
cia5  0.300.15   0.130.08 
TR-RNAi      
CC125TR30  1.500.35   0.280.18 
CC125TR64  1.340.38   0.430.21 
CC125C55  1.680.20   1.600.28 
pmp1TR29  0.110.04   0.200.04 
pmp1TR51  0.150.13   0.190.10 
pmp1C130  1.500.18   1.000.21 
IR-RNAi      
CC620IR21.1 1.600.25 3.200.34  0.410.12 1.520.20 
CC620IR32.1 1.520.32 3.000.22  0.540.18 1.690.18 
pmp1IR21.3 0.300.11 0.480.18  0.090.05 0.120.11 
pmp1IR21.4 0.350.12 0.680.22  0.150.06 0.210.11 
Cells were acclimated to VL-CO2 for 1 day and internal Ci accumulation 
(mM Ci after 80 s) determined in pH 7.3 and pH 9.0 at initial Ci 
Concentrations of 20 µM and 50 µM [14C]-NaHCO3. Chl was 25 µg/mL. 
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Supplemental Table 1. Relative photosynthetic Ci affinity in wild-
type CC125, pmp1, cia5 and derivative RNAi strains at pH 6.0.   
                  pH 6.0                              
Strain P5 P50 V4000 
CC125 0.400.02 0.960.03 118 ± 12 
CC125TR30 0.300.02 0.980.02 99 ± 8 
CC125TR64 0.350.04 0.920.04 115 ± 7 
CC125C55 0.360.03 0.900.05 110 ± 12 
pmp1 0.200.03 0.420.04 112 ± 6 
pmp1TR29 0.260.06 0.410.08 131 ± 19 
pmp1TR51 0.280.05 0.430.09 122 ± 15 
pmp1C130 0.250.05 0.480.04 123 ± 11 
cia5 0.090.05 0.300.03 82 ± 8 
Cells were acclimated to VL-CO2 for 1 day and rates of O2 evolution 
(µmol mg Chl-1 h-1) determined in pH 6.0 (MES-KOH) buffer at 5 µM 
(v5), 50 µM (v50), and 4000 µM (v4000) NaHCO3. Relative Ci 
affinity was calculated as ratios: P5=v5/v4000 or P50=v50/v4000. 
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Supplemental Table 2. Effect of pH on the photosynthetic Ci affinities of wall-less 
wild type (cw10), ad1 and RNAi strains.   
                 pH 6.0          pH 7.3  
Strain P20 P50  V4000     P20 P50 V4000 
cw10 0.50±0.02 0.71±0.03 99 ± 8     0.49±0.03 0.70±0.08 108 ±7 
cw10IR21 0.48±0.03 0.72±0.05 90 ± 15     0.38±0.04 0.68±0.05 102±12 
cw10IR32 0.48±0.02 0.66±0.02 86 ± 9     0.37±0.02 0.64±0.07 106±10 
cw10C10 0.54±0.02 0.78±0.04 115±12     0.50±0.05 0.68±0.08 110±14 
ad1 0.23±0.02 0.35±0.03 72 ± 7     0.17±0.03 0.22±0.03 74±8 
ad1IR53 0.18±0.03 0.44±0.05 50 ± 4     0.04±0.02 0.13±0.05 59±9 
ad1IR311 0.28±0.02 0.32±0.02 65 ± 8     0.09±0.02 0.14±0.04 62±9 
ad1IR312 0.25±0.02 0.33±0.04 58 ± 6     0.08±0.05 0.13±0.07 68±7 
ad1C100 0.26±0.04 0.36±0.04 84 ± 10     0.18±0.03 0.24±0.05 81±12 
Cells were acclimated to VL-CO2 for 1 day and rates of O2 evolution (µmol mg Chl-1 
h-1) determined in pH 6.0 (MES-KOH) and pH 7.3 (MOPS-KOH) buffers at 20 µM 
(v20), 50 µM (v50), and 4000 µM (v4000) NaHCO3. Relative Ci affinity was 
calculated as ratios: P20=v20/v4000 or P50=v50/v4000. Chl was 25 µg/mL. 
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CHAPTER 3. THYLAKOID LUMEN CARBONIC ANHYASE (CAH3) 
MUTATION SUPPRESSES AIR-DIER PHENOTYPE OF lcib MUTANT 
IN CHLAMYDOMONAS REINHARDTII  
 
A paper published in Plant Physiology 149:929-937 (2009) 
Deqiang Duanmu1, Yingjun Wang1, and Martin H. Spalding1,2 
 
 
Abstract 
 
An active CO2 concentrating mechanism (CCM) is induced when Chlamydomonas 
reinhardtii acclimates to limiting inorganic carbon (Ci), either low-CO2 (air level; ~0.04% 
CO2) or very low-CO2 (~0.01% CO2) conditions. A mutant, ad1, which is defective in the 
limiting-CO2-inducible, plastid localized LCIB, can grow in high-CO2 or very low-CO2 
conditions but dies in low-CO2, indicating a deficiency in a low-CO2-specific Ci uptake and 
accumulation system. In this study, we identified two ad1 suppressors that can grow in low-
CO2 but die in very low-CO2. Molecular analyses revealed that both suppressors have 
mutations in the CAH3 gene, which encodes a thylakoid lumen localized carbonic anhydrase. 
Photosynthetic rates of low-CO2 acclimated suppressors under acclimation CO2 
concentrations were more than two fold higher than ad1, apparently resulting from a more 
than 20 fold increase in the intracellular concentration of Ci as measured by direct Ci uptake. 
However, photosynthetic rates of very low-CO2 acclimated cells under acclimation CO2 
concentrations were too low to support growth in spite of a significantly elevated 
intracellular Ci concentration. We conclude that LCIB functions downstream of CAH3 in 
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the CCM and probably plays a role in trapping CO2 released by CAH3 dehydration of 
accumulated Ci. Apparently dehydration by the chloroplast stromal carbonic anhydrase 
CAH6 of the very high internal Ci caused by the defect in CAH3 provides Rubisco 
sufficient CO2 to support growth in low-CO2 acclimated cells, but not in very low-CO2 
acclimated cells, even in the absence of LCIB.  
 
Introduction 
Carbon dioxide (CO2) serves both as the substrate for photosynthesis and as an important 
signal to regulate plant growth and development, so variable CO2 concentrations can impact 
photosynthesis, growth and productivity of plants. Terrestrial C4 plants have developed a 
CO2-concentrating mechanism (CCM) involving anatomical and biochemical adaptations to 
accumulate a higher concentration of CO2 as substrate for Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) and to suppress oxygenation of RuBP, a wasteful side 
reaction. In contrast, a different type of CCM is induced in the unicellular green microalga 
Chlamydomonas reinhardtii when the supply of dissolved inorganic carbon (Ci; CO2 and 
HCO3-) for photosynthesis is limited (Beardall and Giordano, 2002; Giordano et al., 2005; 
Spalding, 2008; Moroney and Ynalvez, 2007). In response to limiting CO2, representative 
biophysical Ci pumps operate: the CCM uses active Ci transport, both at the plasma 
membrane and the chloroplast envelope, to accumulate a high concentration of HCO3- 
within the chloroplast (Sültemeyer et al., 1988; Palmqvist et al., 1988). The thylakoid lumen 
carbonic anhydrase (CAH3) plays an essential role in the rapid dehydration of the 
accumulated HCO3- to release CO2 into the pyrenoid, a Rubisco-containing internal 
compartment of the chloroplast, for assimilation by Rubisco (Price et al., 2002; Spalding et 
al., 2002). 
While a number of genes and proteins essential to the operation of the CCM in C. 
reinhardtii have been identified, our understanding of Ci uptake and its regulation, as well 
as other aspects of CCM function is limited. A better understanding of the similar CCM in 
prokaryotic organisms, specifically the cyanobacteria Synechocystis and Synechococcus, has 
been gained. At least five different types of Ci transporters have been identified in 
cyanobacteria, including three HCO3- transporters and two active CO2 uptake systems (Price 
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et al., 2002; 2004). 
Recently, at least three distinct CO2-regulated acclimation states were identified in C. 
reinhardtii based on growth, photosynthesis and gene expression characteristics, a high CO2 
(H-CO2) state (5% - 0.5% CO2), low CO2 (L-CO2) state (air level; 0.4% - 0.03% CO2) and 
very low CO2 (VL-CO2) state (0.01% - 0.005% CO2) (Vance and Spalding, 2005). Two 
allelic HCR (high-CO2-requiring) mutants, pmp1 and ad1, grow as well (pmp1) or nearly as 
well (ad1) as wild type cells in both H-CO2 and VL-CO2 conditions while only dying in L-
CO2, indicating a deficient Ci transport and/or accumulation system only in the L-CO2 
acclimation state (Spalding et al., 1983b; 2002). The defective gene responsible for the 
pmp1/ad1 phenotype was identified as LCIB, a limiting CO2-inducible gene, the product of 
which is predicted to be located in the chloroplast stroma and proposed to be involved with 
chloroplast Ci uptake in L-CO2 conditions (Wang and Spalding, 2006). The LCIB gene 
product is a member of a small gene family so far only found in a few microalgae species 
(Spalding, 2008).  
To investigate the roles of LCIB in eukaryotic photosynthetic organisms and identify 
other functional components involved in chloroplast Ci accumulation in C. reinhardtii, we 
used an insertional mutagenesis approach to select suppressors of the air-dier phenotype of 
the LCIB mutant ad1. In the current study, we describe two ad1 suppressors, ad-su6 and ad-
su7, that grow normally in L-CO2 but, unlike ad1, die in VL-CO2. This report also presents 
data suggesting that the air-dier phenotype of ad1 is suppressed by increased intracellular Ci 
concentrations in the two suppressors, and suggesting a possible role for LCIB as a CO2 trap 
rather than having any direct role in chloroplast envelope Ci transport. 
 
Results 
Identification and Genetic Analysis of ad1 Suppressors 
The C. reinhardtii strain chosen for this study was ad1, containing a deletion mutation of 
LCIB (Wang and Spalding, 2006). This strain can not grow in L-CO2 but can grow either in 
H-CO2 or in VL-CO2. To isolate and identify suppressors which can grow in L-CO2, we 
performed insertional mutagenesis using a ParR-containing plasmid (pSI103) to transform 
ad1 (Fig. 2A). From ~106 transformants, three displayed the suppression phenotype, and two 
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of these, ad-su6 and ad-su7, are described here. These two suppressors exhibited suboptimal 
growth in L-CO2 where the parental strain ad1 could not grow at all (Fig. 1). Unexpectedly, 
neither suppressor could survive in VL-CO2, indicating that although the second site 
suppressor mutations could suppress the L-CO2 lethal, air-dier phenotype of the LCIB 
mutation in ad1, growth of the two suppressors in VL-CO2 was completely abolished. 
The ad-su6 and ad-su7 strains were crossed with wild-type strain CC620 to determine 
whether the suppression phenotype cosegregated with the inserted ParR gene. More than 150 
ZeoR (zeocin-resistance, conferred by the BleR insert responsible for the LCIB mutation) 
random progeny from each cross were screened for their growth in different levels of CO2 
and their resistance to paromomycin. In the ad-su6 cross, all 90 random progeny with the 
suppressor phenotype were paromomycin resistant, while all paromomycin-sensitive 
progeny exhibited an ad1-like growth phenotype in L-CO2 and VL-CO2, indicating 
cosegregation of the suppressor phenotype with the ParR insert. Southern analysis with 
probe specific for the ParR gene indicated a single insert present in ad-su6 (Fig. 2B). 
Although ad-su7 also contains only one ParR insert, genetic analysis showed the suppressor 
phenotype was not linked to the insert (data not shown).  
Inverse PCR was employed to identify the flanking DNA in ad-su6. This flanking 
sequence was used in a BLAST search against the C. reinhardtii genome (http://genome.jgi-
psf.org/Chlre3/Chlre3.home.html), and the insertion site was shown to be located between 
exon 5 and intron 5 of CAH3 (Fig. 2C). Further PCR and DNA gel blot analyses revealed 
that only 186 nucleotides of CAH3 (63 nt of exon 5 and 123 nt of intron 5) were deleted in 
ad-su6. Since ad-su6 has the same growth phenotype as ad-su7, we PCR-amplified and 
sequenced CAH3 genomic DNA from ad-su7 and found that two nucleotides were deleted 
downstream of the ATG translation initiation codon (ATG CGC TCA GCC GTT CTA CAA 
CGC GGC CAG GCG CGG CGA GTG TCT TGC CGG GTG AGT GAA, underline 
indicates deletion mutation in ad-su7), which predicts a premature stop codon (ATG CGC 
TCA GCC GCT ACA ACG CGG CCA GGC GCG GCG AGT GTC TTG CCG GGT GAG 
TGA, underline indicates stop codon). 
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Expression Patterns of Limiting-CO2 -inducible Genes in ad-su6 
Northern-blot analysis showed that ad-su6 apparently is a hypomorphic mutant for CAH3. 
In ad1 cells, a transient, slight increase in the CAH3 transcript abundance was observed 
when cells were shifted from a H-CO2 to either L-CO2 or VL-CO2 atmosphere, and, after a 
longer acclimation time (14 hours), the CAH3 message abundance was decreased (Fig. 3A). 
In the CAH3 hypomorphic mutant ad-su6, CAH3 transcript was undetectable throughout all 
CO2 conditions. Western-blot analysis using polyclonal antiserum raised against CAH3 from 
C. reinhardtii also failed to detect the CAH3 protein in the suppressor mutant ad-su6 
cultures (Fig. 3B). 
Message accumulations of several limiting CO2 inducible genes also were analyzed. 
Among all the genes tested, including LCIC, CCP, LCI1, and LCIA, patterns of expression 
in the suppressor ad-su6 relative to the original LCIB mutant ad1 were not found to be 
significantly different. The expression level of chloroplast stromal carbonic anhydrase 
(CAH6) was not affected by CO2 conditions, and the transcript abundance of CAH6 in ad-
su6 under limiting-CO2 conditions was comparable to that in ad1 (Fig. 3A).  
 
Complementation of ad-su6 
To confirm whether the CAH3 mutation is responsible for the suppressor phenotype, 
we transformed a genomic DNA fragment containing a wild-type copy of CAH3 into the 
suppressors ad-su6 and ad-su7 and selected complemented lines that could survive in VL-
CO2. Complemented ad-su6 (su6-C1 and su6-C3) and ad-su7 lines showed the same growth 
phenotype as ad1, growth in VL-CO2 and no growth in L-CO2 (Fig. 1, ad-su7 data not 
shown). In addition, western blot analysis showed that complemented ad-su6 lines recovered 
the expression of CAH3 protein (Fig. 3B). Complementation of the ad-su6 VL-CO2 lethal 
phenotype also was achieved by expressing CAH3 cDNA under control of the constitutive 
PsaD promoter and terminator (Fischer and Rochaix, 2001; data not shown).  
 
Photosynthetic Affinity for Ci and Direct Ci-uptake Characteristics 
Photosynthetic O2 evolution in response to Ci concentrations for L-CO2 and VL-CO2 
acclimated wild-type and various mutant cells was compared (Table I). Walled progeny of 
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mutants were generated for physiological measurements, including the CAH3 mutation of 
ad-su6 in a WT background (wt-su6) or in an ad1 background (ad-su6-1). Consistent with 
the ad1 air-dier phenotype, the LCIB-defective ad1-1 mutant cells (walled progeny of ad1) 
acclimated in L-CO2 showed dramatically decreased photosynthetic affinity for Ci compared 
with wild-type cells acclimated under the same conditions (~11% of WT). In contrast, when 
acclimated to VL-CO2, photosynthetic affinity of ad1-1 was increased to 57~61% of WT 
strain (P20 and P50, estimated at 20 µM and 50 µM total Ci, respectively). Photosynthetic 
affinity of L-CO2 acclimated ad-su6-1 was significantly higher than ad1-1 at 50 µM total Ci 
(P50: 0.14±0.02 versus 0.07±0.02, p-value <0.05), while VL-CO2 acclimated ad-su6-1 had a 
lower relative affinity than ad1-1 (P20: 0.07±0.03 versus 0.27±0.03, p <0.05) at 20 µM total 
Ci, both of which are consistent with the phenotypes of these two strains. The aberrant 
photosynthetic affinity of ad-su6-1 was caused by the CAH3 mutation, since wt-su6 showed 
the same pattern of photosynthetic affinity in both L-CO2 and VL-CO2 conditions as ad-su6-
1. 
Intracellular Ci accumulation in L-CO2 acclimated ad1-1 cells was similar to that of 
the non-acclimating mutant cia5 (0.26±0.08 mM versus 0.19±0.05 mM), in which the CCM 
presumably does not function (Table II). An active Ci accumulation mechanism was 
regained in VL-CO2 acclimated ad1-1 cells, although not as high as the WT strain 
(0.80±0.15 mM versus 1.65±0.25 mM, measured with 20 µM total Ci). The measured 
intracellular Ci pool in the LCIB-CAH3 double mutant ad-su6-1 was increased more than 20 
fold over that of the LCIB single mutant ad1-1 when acclimated in L-CO2 conditions 
(6.15±1.15 mM versus 0.26±0.08 mM), and the increased Ci accumulation could be 
attributed to the CAH3 mutation, because CAH3 single mutant wt-su6 accumulated the same 
level of intracellular [Ci] as ad-su6-1 (7.60±1.25 mM versus 6.15±1.15 mM). In VL-CO2 
acclimated strains, intracellular [Ci] in ad-su6-1 was only 2.5 fold higher than that in ad1-1 
(2.85±0.32 mM versus 0.80±0.15 mM, measured with 20 µM total Ci).  
 
Discussion 
Rubisco, the primary enzyme for photosynthetic CO2 assimilation, is an inefficient 
catalyst with a low affinity for atmospheric CO2. For most algae, the Rubisco Km(CO2) is 
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greater than 25 µM, so Rubisco is functioning at < 20% of capacity at 10 µM CO2 in an air-
equilibrated aquatic environment. Many photosynthetic organisms have an inducible CCM 
that raises the CO2 concentration around the active site of Rubisco several fold higher than 
the environmental level, thus improving the efficiency of CO2 assimilation. In the eukaryotic 
microalga C. reinhardtii, active Ci uptake (mainly as CO2 and HCO3-) at either the plasma 
membrane or the inner chloroplast envelope is an essential component of the CCM. 
Although the products of several limiting CO2-inducible genes have been identified as 
putative Ci transporters on the chloroplast envelope, including LCIA, LCI1, CCP1/2, and 
Ycf10, or on the plasma membrane, including HLA3, none of the respective gene products 
have been definitively determined to transport Ci species (Burow et al., 1996; Chen et al., 
1997; Rolland et al., 1997; Im and Grossman, 2001; Pollock et al., 2004; Miura et al., 2004; 
Mariscal et al., 2006), leaving Ci transport largely a mystery. 
Mutants with lesions in the limiting-CO2-induced gene LCIB shed some light on the 
nature of Ci uptake and accumulation in chloroplasts. Two conditional lethal mutants, pmp1 
and ad1, with lesions in LCIB, are defective in Ci accumulation when acclimated in L-CO2 
but not when acclimated in VL-CO2, indicating the existence of multiple Ci uptake and 
accumulation pathways in C. reinhardtii corresponding to multiple limiting-CO2 acclimation 
states (Vance and Spalding, 2005). LCIB was proposed to be involved in active Ci transport 
(Spalding et al., 1983b; Wang and Spalding, 2006), although, since it is predicted to be a 
soluble protein with no significant transmembrane regions, it was acknowledged to be 
unlikely that LCIB itself is directly involved in transport. Therefore, it was argued that LCIB 
might be a subunit of a Ci transport complex or might have a regulatory role in Ci uptake 
and/or accumulation. 
In this paper, we identified two independent, second-site suppressors of the LCIB 
mutant air-dier phenotype that restored growth to ad1 in L-CO2 but, unlike ad1 itself, were 
unable to grow in VL-CO2. Both suppressors have lesions in CAH3, encoding a thylakoid 
lumen located, α-type carbonic anhydrase. The requirement of a thylakoidal CA and an 
acidic compartment in a functional CCM was first suggested by Pronina and colleagues and 
later CAH3 was identified and proposed to catalyze the rapid conversion of HCO3- to CO2 in 
the acidic thylakoid lumen, with the CO2 then diffusing to the pyrenoid to supply elevated 
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substrate CO2 concentrations for Rubisco (Pronina et al., 1981, 1990; Funke et al., 1997; 
Raven 1997; Karlsson et al., 1998; Hanson et al., 2003; Moroney and Ynalvez, 2007). 
Consistent with previous reports (Spalding et al., 1983a; Moroney et al., 1987), the L-CO2 
acclimated CAH3 single mutant wt-su6, generated in a cross between the suppressed line 
and WT, accumulated a very high internal Ci concentration but was unable to use Ci 
efficiently for photosynthesis. However, the photosynthetic Ci affinity of this CAH3 single 
gene mutant wt-su6 still is significantly higher than that of the L-CO2 acclimated LCIB 
mutant ad1, which accumulates only very low internal Ci levels and cannot grow at all in L-
CO2, both traits agreeing with prior reports of the characteristics of the allelic LCIB mutant 
pmp1 and various CAH3 single mutants (Spalding et al., 1983a, b; Moroney et al., 1987; 
Suzuki and Spalding, 1989). The LCIB-CAH3 double mutant suppressor ad-su6-1 
accumulated the same level of intracellular Ci as the CAH3 single-gene mutant wt-su6, 
strongly arguing against LCIB as being required for or solely responsible for Ci transport 
into the chloroplast. This effect of combining lesions in CAH3 and LCIB has been reported 
previously (Spalding et al., 1983c), before the genes themselves were identified and before 
the full significance of the observation could be appreciated. It was recognized at the time 
that the lesion in CAH3 was apparently epistatic to the lesion in LCIB, and that the double 
mutant exhibited a “leaky” CO2-requiring phenotype in air, similar to the CAH3 single 
mutant.  
Our current work definitively demonstrates that a CAH3 loss-of-function mutation can 
suppress the air-dier phenotype of LCIB mutants, as well as revealing a novel, VL-CO2 
lethal phenotype of the double mutant suppressors. The suppressors exhibited the same 
levels of photosynthetic Ci affinity and internal Ci accumulation, regardless of whether they 
were acclimated to L-CO2 or VL-CO2. No significant difference in intracellular Ci 
accumulation was detected between the L-CO2 acclimated suppressor (LCIB-CAH3 double 
mutant) and the CAH3 single mutant, indicating the LCIB mutation had no influence on Ci 
accumulation in the absence of a functional CAH3, which is contrary to the proposed direct 
involvement of LCIB in Ci transport in L-CO2 acclimated cells (Spalding et al., 1983b; 
Wang and Spalding, 2006), but is consistent with the reported epistatic interaction between 
these two mutations (Spalding et al., 1983c).  
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The position of LCIB in the biochemical pathway of Ci uptake and accumulation in C. 
reinhardtii is informed by the epistatic interaction between the CAH3 and LCIB mutations. 
It is clear that CAH3 functions to dehydrate HCO3- accumulated in the stroma, although it is 
not known how HCO3- gains access to the thylakoid lumen. Because CAH3 mutations are 
epistatic over LCIB mutations, LCIB must act downstream of CAH3, meaning it must act 
after the accumulated stromal HCO3- is dehydrated to CO2. The localization of LCIB also is 
inconsistent with a direct role in Ci transport, regardless whether it is diffusely distributed 
throughout the stroma or concentrated around the pyrenoid. The combination of LCIB 
localization and the epistatic interaction between LCIB and CAH3 mutations, together with 
the clear demonstration that LCIB mutants can transport and accumulate Ci in the absence of 
functional CAH3, provide a very compelling argument against a direct role for LCIB in Ci 
transport. Since it is very unlikely LCIB is involved in Ci transport, it appears most likely 
LCIB is involved in preventing the loss of CO2 from the chloroplast (Fig. 5). One possibility 
is that LCIB is involved in sequestering or trapping excess CO2 from CAH3-catalyzed 
dehydration of HCO3- that might otherwise diffuse out of the chloroplast and be lost. 
Functionally similar CCM also exists in cyanobacterial (blue-green algae) species and 
interestingly, Price et al. (2002) have proposed that two unique hydrophilic proteins, ChpX 
and ChpY (also named CupA and CupB), are critical components of thylakoid-based NDH-
1 CO2-uptake complex and aid in the recapture or recycling of CO2 leakage from 
carboxysomes by CO2 hydration activity in the light in the model cyanobacterium, 
Synechococcus sp. PCC7942 (Maeda et al., 2002; Shibata et al., 2001, 2002; Price et al., 
2002). Thus LCIB is possibly part of a novel CO2 pump/trap and may function mainly to 
prevent depletion of the HCO3- pool by trapping CO2 from CAH3 dehydration back into the 
stromal HCO3- pool, or by providing a barrier to CO2 diffusion back out of the pyrenoid. 
Although it is clear that CAH3 mutations are epistatic to LCIB mutations and thus that 
LCIB must function downstream of CAH3, it is more complicated to explain 
mechanistically how the characteristics of the individual mutants and the double mutants 
explain this epistatic interaction. Dehydration, either uncatalyzed or catalyzed by the stromal 
carbonic anhydrase CAH6, of the very high stromal HCO3- concentration in the LCIB-CAH3 
double mutant ad-su6-1 may provide a direct supply of CO2 to Rubisco sufficient to support 
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growth and suppress the air-dier phenotype of ad1-1 in L-CO2 acclimated cells. However, 
the stromal HCO3- concentration of VL-CO2 acclimated ad-su6-1 also is fairly high, yet 
apparently fails to provide Rubisco sufficient CO2 to support growth in VL-CO2 conditions. 
The predicted carboxylation rates for Rubisco (64 µmol CO2 mg-1 Chl h-1 and 41 µmol CO2 
mg-1 Chl h-1 for L-CO2 and VL-CO2 acclimated cells, respectively) assuming complete 
equilibration at pH of 8.5 between HCO3- and CO2 at the observed internal Ci concentrations 
of 6.15 mM (50 µM external Ci) and 2.9 mM (20 µM external Ci) for L-CO2 and VL-CO2 
acclimated cells, respectively, substantially overestimates the observed photosynthetic rates 
of 18 µmol CO2 mg-1 Chl h-1 and 5.8 µmol CO2 mg-1 Chl h-1 for L-CO2 and VL-CO2 
acclimated cells, respectively. On the other hand, calculations assuming an uncatalyzed rate 
of HCO3- dehydration (CO2 supply rates of 8 µmol CO2 mg-1 Chl h-1 and 2.9 µmol CO2 mg-1 
Chl h-1 for L-CO2 and VL-CO2, respectively) underestimate the actual photosynthetic rates 
(see Spalding and Portis, 1985). Thus the observed photosynthetic rates argue for only 
limited CAH6-catalyzed dehydration of the accumulated HCO3-, which may explain why an 
internal Ci concentration of 2.9 mM in VL-CO2 acclimated cells is unable to support growth 
under VL-CO2 conditions.  
A key question is why an observed photosynthetic rate of 18.2 µmol CO2 mg-1 Chl h-1 
in L-CO2 allows for substantial growth of the double mutant suppressor but a rate of 5.8 
µmol CO2 mg-1 Chl h-1 in VL-CO2 does not. A photosynthetic rate of 5.8 µmol CO2 mg-1 
Chl h-1 may simply be below the threshold for survival, a conclusion supported by the 
observed rates of photosynthesis of three other strains unable to grow, L-CO2 acclimated 
LCIB mutant ad1 at 50 µM external Ci and VL-CO2 acclimated WT-su6 (CAH3 mutation 
alone) and cia5 at 20 µM external Ci, which were 7.4, 7.2 and 4.3 µmol CO2 mg-1 Chl h-1, 
respectively, and by the minimum photosynthetic rate observed for any strain able to grow, 
which was 11.8 µmol CO2 mg-1 Chl h-1 (L-CO2 acclimated cia5 at 50 µM external Ci). 
Based on the reported effect of photon flux density on Ci accumulation (Spalding, 1990), we 
also would expect substantially lower stromal HCO3- accumulation and thus a lower 
photosynthetic rate under light conditions used for growth (~100 µmol photons m-2 s-1), 
which is much lower than that used for photosynthesis and Ci uptake measurements (~800 
µmol photons m-2 s-1).  
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Even though the data presented here help identify the position of LCIB in the pathway 
for Ci uptake and accumulation by placing its function downstream of CAH3, the actual 
function of LCIB remains a mystery, as does how the single mutation in LCIB eliminates 
almost all Ci accumulation to the same extent as the cia5 mutant, in which almost no 
limiting-CO2 inducible genes are expressed (Xiang et al., 2001; Fukuzawa et al., 2001). 
LCIB is essential in L-CO2 conditions, and we hypothesize that LCIB might be involved in 
somehow preventing the loss of CAH3-generated CO2 that is not captured by Rubisco in the 
pyrenoid, either by preventing its diffusion from the pyrenoid or by recapturing any CO2 
escaping from the pyrenoid or from thylakoids outside the pyrenoid. The physiological 
observations for the single and double mutants are consistent with the role in CO2 trapping, 
and the immunolocalization of LCIB in the stroma or surrounding the pyrenoid is more 
consistent with CO2 trapping than with Ci transport. The constitutively expressed 
chloroplast stromal CAH6 might normally also help retain Ci in the stroma by trapping it as 
HCO3-. It is tempting to speculate that LCIB and CAH6 might cooperate in trapping CO2 
released from the pyrenoid and/or from thylakoids, especially since CAH6 reportedly is 
differentially concentrated around the pyrenoid (Mitra et al., 2004), as is LCIB, at least 
under some conditions. It will be interesting to investigate the potential co-localization of 
LCIB and CAH6, and the generation of CAH6 mutants by either an RNAi approach or by 
insertional mutagenesis could help to clarify the physiological roles of and any potential 
interactions between LCIB and CAH6 in the L-CO2 acclimation state. 
 
Materials and Methods 
Cell Strains and Culture Conditions 
C. reinhardtii strains CC125 and CC620 were obtained from the Chlamydomonas Stock 
Center, Duke University, Durham, NC. The LCIB-defective mutant ad1 was generated by 
insertional mutagenesis (Wang and Spalding, 2006). And the cia5 mutant was a gift from Dr 
Donald P. Weeks (University of Nebraska, Lincoln).  
Media and growth conditions for C. reinhardtii strains have been previously described 
(Wang and Spalding, 2006). All strains were maintained on CO2 minimal plates and kept in 
high CO2 (air enriched with 5% vol/vol CO2) chambers at room temperature, under 
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continuous illumination (50 µmol photons m-2 s-1). Liquid cultures were grown on a gyratory 
shaker under aeration in white light (approximately 100 µmol photons m-2 s-1). For 
experiments in which cells were shifted from high to limiting CO2 (low CO2, 350-400 ppm 
or very low CO2, 50-100 ppm) conditions, cells were cultured in CO2 minimal medium 
aerated with 5% CO2 to a density of ≈2×106 cells/ml and then shifted to aeration with the 
appropriate limiting CO2 for various times. Very low CO2 was obtained by mixing normal 
air with compressed, CO2-free air.  
 
Isolation of Suppressors, Growth Spot Tests, and Genetic Analysis 
Glass bead transformations were performed as described previously (Van and Spalding, 
1999). Air-dier mutant ad1 was transformed with linearized plasmid pSI103 (Sizova et al., 
2001) and spread onto CO2 minimal plates containing 15 µg/mL paromomycin. Plates were 
placed in air for 6 weeks, and surviving colonies selected as putative suppressors were 
verified by spot tests. 
For spot test of growth, actively growing cells were serially diluted to similar cell 
densities in minimal medium and spotted (5 µL/spot) onto minimal agar plates, and grown in 
various CO2 concentrations for around 9 days. Genetic crosses and random progeny analyses 
were performed as described by Harris (1989). 
 
DNA, RNA and Protein-Blot Analysis 
Southern analyses were performed as described by Van and Spalding (1999). Northern 
blot hybridizations were performed by standard procedures. Total RNA was prepared by the 
acid guanidinium thiocyanate method (Chomczynski and Sacchi, 2006). RNA (~15 µg) were 
separated on 0.9% formaldehyde - agarose gels and blotted onto nylon transfer membranes 
(Osmonics Inc.). PCR amplified cDNA sequences of corresponding genes were used as 
templates and all probes were generated by randomly primed labeling with [α-32P]dCTP 
following instructions of the manufacturer. Each northern blot was analyzed by 
phosphorimager scanning (BioRad, CA). 
For total protein analyses, cells were harvested and resuspended in a buffer containing 10 
mM Tris-HCl pH 7.5, 1 mM EDTA, 10 mM NaCl, 1 mM PMSF, 1 mM benzamidine and 5 
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mM DTT. Protein concentrations were measured using Bio-Rad protein assay kit (Bio-Rad 
Catalog Number 500-0006). Proteins were separated on 12% polyacrylamide gels as 
described previously (Laemmli, 1970). Immunoblotting was performed as described in the 
protocol from Bio-Rad Laboratories. The CAH3 antiserum was a gift from James V. 
Moroney (Louisiana State University, USA) and was generated using a synthetic peptide 
derived from an internal amino acid sequence of CAH3 (residues 213-224) as antigen. 
 
Isolation of Sequences Flanking the Plasmid Insert in ad-su6 by Inverse PCR 
Based on information from Southern blot analysis, SacI was used to digest the genomic 
DNA isolated from ad-su6 to produce a fragment with a size ~4.7 kb, including part of the 
inserted pSI103 vector and its 3’ flanking genomic DNA. The SacI-digested ad-su6 genomic 
DNA (1 µg) was circularized with 1 unit of T4 DNA ligase (Invitrogen), precipitated, and 
the circularized product was used as a template for inverse PCR by using standard PCR 
procedures. Two pairs of primers were designed, with each pair complementing the pSI103 
sequence in opposite orientations. Both primer pairs produced PCR products with the correct 
predicted sizes, and amplified DNA from one primer pair (5’-
GGTCTGACGCTCAGTGGAACGA-3’ and 5’-CGC AAC GCA TCG TCC ATG CTT C-3’) 
was sequenced to determine the sequences flanking the insert. 
 
Photosynthetic O2 Exchange and Ci Uptake Measurements 
Low CO2-induced or very low CO2-induced cells (24 hour induction) were collected by 
centrifugation and resuspended in 25 mM MOPS-KOH buffer to a final chlorophyll 
concentration of 20~25 µg/ml for analysis of photosynthesis and Ci uptake. Photosynthetic 
O2 evolution was measured at 25°C with a Clark-type oxygen electrode (Rank Brothers, 
Cambridge, UK). Under constant illumination (800 µmol photons/m2/s), cells were 
transferred to the electrode chamber and allowed to exhaust endogenous Ci until net O2 
exchange was zero. Measurements were initiated by addition of various concentrations of 
NaHCO3. Oxygen evolution rates were recorded as V20 or V50 when 20 µM or 50 µM 
NaHCO3 were used, respectively. The maximum O2 evolution rate, V4000, was obtained by 
using 4000 µM NaHCO3. Relative affinity for Ci was calculated as the ratios P20 = 
60 
V20/V4000 and P50 = V50/V4000. 
Ci uptake by C. reinhardtii cells at 20 µM or 50 µM total Ci was estimated by the 
silicone oil filtration technique (Badger et al., 1980). The cell volume was measured by 
using 14C-sorbitol and 3H2O as previously described (Wirtz et al., 1980). The intracellular Ci 
concentration was calculated by using cell volume and the acid labile 14C data.  
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Figure Legends 
 
Figure 1. Growth of ad1 suppressors and CAH3 genomic DNA complemented ad-su6 on 
minimal plates in H-CO2, L-CO2 and VL-CO2 chambers. Cells grown to logarithmic phase 
were diluted to the indicated numbers (× 103) per 5 µl , spotted on plates and incubated for 9 
days under dim lights. 
Figure 2.  Southern blot analysis of ad-su6 and ad-su7 probed with a 880-bp PCR fragment 
of the ParR gene. (A) Map of the ParR portion of the pSI103 plasmid used for insertional 
mutagenesis. Arrows above and below the map indicate the primers used to make the probe.  
(B) Southern analysis of two suppressors, with linearized plasmid as control. Genomic DNA 
was digested with the indicated restriction enzymes. (C) Map of the CAH3 genomic region 
in ad-su6. Black arrows, exons; grey arrow, pSI103 insertion; grey bars, introns. 
Figure 3.  (A) Northern blot analysis of ad1 and ad-su6. Cells were adapted to L-CO2 or 
VL-CO2 conditions for 4h, 14h respectively and 10 µg of total RNA was used.  (B) 
Immunoblot analysis of whole cell fractions. Cells were either H-CO2 grown or induced 24 
hours under L-CO2 (L24) or VL-CO2 (VL24) conditions. 100 µg total protein were analyzed 
with CAH3 antibody. su6-C1, su6-C3 are two CAH3 genomic DNA-complemented ad-su6 
transformants as described in Figure 1.  
Figure 4.  Simple schematic of the C. reinhardtii CCM, showing the relative position of 
CAH3 and LCIB in the pathway of Ci transport, HCO3- accumulation, and the subsequent 
dehydration of HCO3- to produce CO2. 
65 
 
Table 1.  Relative affinity of photosynthetic O2 evolution in cells acclimated  
 to L-CO2 or VL-CO2 for 1 day.  
 L-CO2  VL-CO2 
Strains P20 P50 Vmax    P20 P50 Vmax 
CC125 0.38±0.04 0.60±0.05 180±22  0.44±0.05 0.63±0.07 162±18 
ad1-1 0.04±0.02 0.07±0.02 106±18  0.27±0.03 0.36±0.04 82±8 
wt-su6 0.08±0.01 0.15±0.03 104±12  0.09±0.02 0.15±0.02 80±9 
ad-su6-1 0.05±0.02 0.14±0.02 130±21  0.07±0.03 0.13±0.04 83±10 
cia5 0.08±0.02 0.12±0.03 98 ±18  0.06±0.03 0.08±0.02 72±9 
Rates of O2 evolution (µmol mg Chl-1 h-1) were determined in pH 7.3 (MOPS-KOH) buffer 
at 20 µM (V20), 50 µM (V50), and 4000 µM (V4000) NaHCO3. Relative Ci affinity was 
calculated as ratios: P20 = V20/V4000 and P50 = V50/V4000. Vmax = V4000. 
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Table 2.  Intracellular Ci accumulation in cells acclimated to L-CO2 
or VL-CO2 for 1 day.   
 L-CO2  VL-CO2 
Strains 50µM Ci  20 µM Ci 50µM Ci 
CC125 1.80±0.33  1.65±0.25 1.78±0.24 
ad1-1 0.26±0.08  0.80±0.15 1.43±0.22 
wt-su6 7.60±1.25  2.50±0.33 8.10±1.45 
ad-su6-1 6.15±1.15  2.85±0.32 5.30±0.58 
cia5 0.19±0.05  0.15±0.04 0.30±0.15 
Internal Ci accumulation (mM Ci after 80 s) was determined by 
silicone oil centrifugation in pH 7.3 (MOPS-KOH) buffer at initial 
external Ci concentrations of 20 µM and 50 µM [14C]-NaHCO3 and a 
Chl concentration of 25 µg/mL. 
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CHAPTER 4. INSERTIONAL SUPPRESSORS OF CHLAMYDOMONAS 
REINHARDTII THAT RESTORE GROWTH OF AIR-DIER lcib 
MUTANTS IN LOW-CO2   
 
Abstract 
 
C. reinhardtii and other microalgae show adaptive changes to limiting CO2 conditions by 
induction of CO2-concentrating mechanisms (CCM). Despite recent progress in the 
understanding of the CCM and identification of several limiting-CO2-regulated genes, the 
molecular basis of intracellular Ci uptake and accumulations are largely unknown. The 
limiting-CO2-inducible gene, LCIB, encodes an apparently soluble plastid protein and is 
proposed to play a role in trapping CO2 released by CAH3 dehydration of accumulated Ci, 
especially in low CO2 (L-CO2; ~ 0.04% CO2) conditions. In order to gain further insight into 
the mechanisms of Ci uptake and accumulation in L-CO2 acclimated C. reinhardtii, we 
performed an insertional mutagenesis screen to isolate extragenic suppressors that restore 
the growth of lcib mutants (pmp1 and ad1) in L-CO2. Four independent suppressors 
(su1,su4,su5 and su8) are described here and classified by their photosynthetic affinities for 
inorganic carbon and expression patterns of known limiting-CO2-inducible transcripts. All 
four suppressors have single inserts, although genetic linkage between phenotype and insert 
was established only in ad-su8. Genetic analysis of the four suppressors identified 2 allelic, 
dominant suppressors (pmp-su4 and pmp-su5), and two recessive suppressors (pmp-su1 and 
ad-su8). Consistent with the suppression phenotype, both the relative affinities of 
photosynthetic O2 evolution and internal Ci accumulation in all 4 suppressors were 
substantially increased relative to pmp1/ad1 in L-CO2 acclimated cells. Interestingly, the 
relative affinity of pmp-su4/su5 was intermediate between pmp-su1 and pmp1.  Our results 
reveal a complex LCIB-dependent and independent Ci uptake/accumulation systems and 
therefore might be useful to provide new clues about the roles played by LCIB in limiting Ci 
acclimation. 
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Introduction 
 Although atmospheric CO2 has increased from a pre-industrial concentration of about 280 
ppm to a globally averaged concentration of approximately 387 ppm at present, this level of 
CO2 concentration is still limiting to photoautotrophic growth of most plants and 
photosynthetic microorganisms, largely due to the inefficiency of ribulose bisphosphate 
carboxylase-oxygenase (Rubisco) enzyme, which has both oxygenase as well as the 
carboxylase function and a low CO2 affinity (Long et al., 2004). A number of photosynthetic 
organisms have developed strategies to increase the level of CO2 at the location site of 
Rubisco, including well known C4 photosynthesis and Crassulacean acid metabolism (CAM) 
in terrestrial vascular plants. In contrast, a different type of CO2 concentrating mechanism 
(CCM) is found in some C3-type aquatic photosynthetic microorganisms, which also face a 
challenge of ~10,000 times slower diffusion rate of dissolved CO2 than the rate of diffusion 
in air. Much knowledge of the mechanisms of the CCM has been gained in the well-
investigated eukaryotic organisms as Chlamydomonas reinhardtii (Giordano et al., 2005; 
Moroney and Ynalvez, 2007; Spalding, 2008). When the availability of Ci (inorganic carbon, 
CO2 and HCO3-) is limiting, the CCM is induced via active Ci uptake systems on both 
plasma membrane and chloroplast envelope to increase internal Ci accumulation, and 
various carbonic anhydrases function to dehydrate accumulated bicarbonate and provide 
elevated internal CO2 concentrations to the pyrenoid, a Rubisco-containing 
microcompartment of the chloroplast (Palmqvist et al., 1988; Sültemeyer et al., 1988; Funke 
et al., 1997; Karlsson et al., 1998; Moroney and Ynalvez, 2007). Recently, at least three 
distinct CO2 level dependent acclimation states were identified in C. reinhardtii, including: 
high CO2 (H-CO2, 5% - 0.5% CO2), low CO2 (L-CO2, 0.4% - 0.03% CO2) and very low CO2 
(VL-CO2, 0.01% - 0.005% CO2) (Vance and Spalding, 2005). 
     Over the last decade, significant progress has been made in understanding the 
functionally similar prokaryotic CCMs in cyanobacteria, and at least five distinct although 
functionally redundant modes of Ci uptake systems have been identified in Synechocystis 
and Synechococcus, including three bicarbonate transporters and two active CO2 uptake 
systems associated with NDH-1 complexes (Price et al., 2002, 2004). Despite extensive 
efforts to identify Ci transport systems in C. reinhardtii, little information other than 
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physiological evidence is available regarding active Ci transport in whole cells and isolated 
chloroplasts (Palmqvist et al., 1988; Sültemeyer et al., 1988). While a number of promising 
candidate genes and proteins have been identified, none of them have been definitely 
confirmed to be Ci transporters (Pollock et al., 2004; Mariscal et al., 2006; Spalding, 2008; 
Duanmu et al., 2009). 
Several labs screened chemically or insertionally mutagenized cells for growth defects in 
low or very low CO2 (Van et al., 2001; Colombo et al., 2002; Thyssen et al., 2003). This 
approach has yielded mutants in CA activity (Spalding et al., 1983a; Moroney et al., 1986; 
Funke et al., 1997), the photorespiratory pathway (Suzuki, 1995; Nakamura et al., 2005), 
regulatory transcription factors (Xiang et al., 2001; Fukuzawa et al., 2001) and unknown 
proteins. Only two allelic mutants, pmp1 and ad1, were characterized as deficient in Ci 
transport and were further identified as conditional lethal in air levels of CO2, but not in VL-
CO2, indicating an L-CO2 specific Ci accumulation component was disrupted (Van et al., 
2001; Spalding et al., 2002). The defective gene in pmp1 and ad1 was identified as LCIB, a 
limiting-CO2-upregulated gene, with the gene product targeted to the chloroplast stroma and 
the function of this soluble protein proposed to be involved in minimizing leakage of CAH3-
generated CO2 from the pyrenoid (Wang and Spalding, 2006; Duanmu et al., 2009). Three 
additional genes in the C. reinhardtii genome share high similarities to LCIB (62~65%) in 
deduced amino acid sequences, including a similar CO2-responsive gene LCIC and two 
previously unreported genes LCID and LCIE. This small, unique LCIB gene family are also 
identified in several other green algae as evidenced by bioinformatic analysis of several 
databases (Wang and Spalding, 2007; Spalding, 2008), and more recently, some 
cyanobacteria and bacteria are also found to contain LCIB homologs (Wang and Spalding, 
unpublished results).  
To understand the function of LCIB in L-CO2 specific Ci-uptake and accumulation 
processes and identify other functional components involved in chloroplast Ci accumulation 
in C. reinhardtii, we performed suppressor screens using an insertional mutagenesis 
approach. In this paper, we describe the identification and characterization of three pmp1 
suppressors and one ad1 suppressor, that grow normally in all CO2 conditions. Our data 
suggest that mutations in several genes/loci could mask the L-CO2 conditional lethal 
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phenotype of lcib mutants. 
 
Results 
 
Isolation of Insertionally Generated Suppressors 
The C. reinhardtii strains chosen for this study were pmp1 and ad1, containing a point 
nonsense mutation or a deletion mutation of LCIB, respectively (Spalding, 1983b; Wang and 
Spalding, 2006). These two allelic strains cannot grow in L-CO2 but can grow either in H-
CO2 or in VL-CO2. In an effort to identify suppressors which can restore the growth of lcib 
mutants in L-CO2, we performed insertional mutagenesis using a ParR-containing plasmid 
(pSI103; Fig.1A) to transform pmp1 and ad1. From ~106 transgenic lines, eight (5 pmp1 and 
3 ad1) colonies capable of growth under L-CO2 were isolated. The suppressor phenotypes of 
two transformants (pmp-su2, pmp-su3) were lost over time and it has been shown that two 
allelic ad1 suppressors (ad-su6 and ad-su7) were caused by defects in the CAH3 gene, 
which encodes a thylakoid lumen targeted carbonic anhydrase (Duanmu et al., 2009). The 
other four suppressors, including three pmp1 suppressors (pmp-su1, pmp-su4 and pmp-su5) 
and one ad1 suppressor (ad-su8) are described in this study. 
The three pmp- suppressors exhibited a near-wild type growth phenotype in L-CO2 and 
VL-CO2 (Fig. 2). These pmp-suppressors also showed resistance to the antibiotic 
paromomycin and were found by Southern analysis to contain only one copy of the ParR 
insert (Fig. 1B). Genetic analysis was performed by crossing the suppressors to wild-type 
strain CC-620, and the meiotic progeny demonstrated that paromomycin resistance 
conferred by the ParR insert did not cosegregate with the suppressor phenotype.   
   Suppressor ad-su8 demonstrated suboptimal growth in L-CO2 where the parental strain 
ad1 could not grow at all (Fig. 2). Southern analysis with probe specific for the ParR gene 
indicated a single insert present in ad-su8 (Fig. 1B). The ad-su8 strain also was crossed with 
CC620 to determine whether the suppression phenotype was linked to the inserted ParR 
gene. More than 130 ZeoR (zeocin-resistance, caused by the BleR insert responsible for the 
LCIB deletion mutation) random progeny were screened for their growth in different levels 
of CO2 and resistance to paromomycin. All 95 random progeny with the suppressor 
phenotype were paromomycin resistant, while all paromomycin-sensitive progeny exhibited 
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an ad1-like growth phenotype in L-CO2 and VL-CO2, demonstrating linkage of the 
suppressor phenotype to the ParR insert. The genetic linkage indicates that the functional 
ParR insert is located in, or close to the disrupted gene responsible for the suppressor 
phenotype. 
 
Genetic Characteristics of Suppressors 
    The four suppressors are derived from two recipient strains, pmp1 and ad1 (all strains 
used in this study are listed in Table 1). To test if pmp-su1, pmp-su4 and pmp-su5 could also 
suppress ad1 air-dier phenotype and correspondingly, if ad-su8 could restore growth of 
pmp1 in L-CO2, mt+ progeny of pmp-su1/4/5 were crossed with ad1 and also ad-su8 with 
mt+ pmp1, and the phenotypes of meiotic progeny were analyzed by random progeny 
selection or tetrad analysis. In all crosses, su1/4/5/8 could suppress both pmp1 and ad1 
mutant alleles of LCIB gene in L-CO2. 
  Suppressors pmp-su1/4/5 and ad-su8 were crossed with wild-type strain CC620 and by 
tetrad identification, progeny with su1/4/5/8 mutations in a WT background were selected 
and the growth of these strains in L- and VL-CO2 was investigated in spot tests. No 
observable growth defects of these strains compared with WT strain CC620 were identified 
(data not shown), indicating the suppressor mutations themselves are not detrimental for 
limiting-CO2 growth of C. reinhardtii. 
 Complementation analysis was performed to test allelism and to place the various 
suppressor mutations into different complementation groups. Only the pmp-su4 × pmp-su5 
cross failed to generate pmp1-phenotype colonies. Suppressors pmp-su4 and pmp-su5 are 
independently isolated suppressors, and Southern blot analysis demonstrated they were not 
siblings (Fig. 1B). Thus pmp-su1 and ad-su8 each defines a separate, new suppressor locus 
while the same gene/locus appears to be affected in pmp-su4 and pmp-su5.  
Diploid analysis was performed to ascertain the dominant/recessive nature of the 
suppressor mutations. Based on growth phenotypes of the heterozygous diploids, su1 
mutation was determined to be recessive (Table 2). 
 
General Characteristics of Suppressors 
Intracellular Ci accumulation and the response of photosynthetic O2 evolution to 
external Ci concentrations at pH 7.3 were compared for wild-type, two lcib mutants, pmp1 
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and ad1, and the four suppressor lines (Tables 3 and 4). Consistent with the air-dier 
phenotype, L-CO2 acclimated pmp1 and ad1 showed dramatically decreased photosynthetic 
Ci affinities relative to wild-type cells acclimated under the same conditions. Intracellular Ci 
accumulation in L-CO2 acclimated pmp1 and ad1-1 cells (walled progeny of ad1) also was 
similar to the nonacclimating mutant cia5, in which almost none of the limiting-CO2-
inducible genes are expressed (Xiang et al., 2001; Fukuzawa et al., 2001; Miura et al., 2004). 
In contrast, when acclimated to L-CO2, photosynthetic affinities of all suppressors were 
significantly higher than pmp1 or ad1 and correspondingly, a much higher internal Ci 
accumulation was observed in all the suppressors as evidenced by direct [14C] NaHCO3 
uptake analysis. Interestingly, both pmp-su1 and ad-su8 demonstrated similar level of 
affinities as wild-type control CC620, while the relative affinities of pmp-su4 and pmp-su5 
were intermediate between pmp-su1 and pmp1 (Table 3). 
The pmp1 and ad1 mutants are deficient in Ci transport and accumulation only in L-
CO2 but not in VL-CO2 growth conditions. True to this air-dier phenotype, VL-CO2 
acclimated pmp1 and ad1 regained a higher photosynthetic Ci affinity, up to approximately 
49% to 54% of the wild-type strains. In contrast, VL-CO2 acclimated pmp-su1 exhibited 
similar photosynthetic Ci-affinities as pmp1, while pmp-su4/5 showed slightly lower 
affinities than pmp1, and ad-su8 demonstrated WT phenotype of photosynthetic Ci affinities 
(Table 3). 
The selected suppressors in WT background are named wt-su1, wt-su5, and wt-su8. 
Although no obvious growth differences are observed when the wt-suppressors were spot 
tested in all CO2 conditions, high-CO2-grown wt-suppressors were associated with higher 
photosynthetic Ci affinities than wild-type CC620 when measured at 50µM total Ci, but not 
at 20µM total Ci. Unexpectedly, high-CO2-adapted pmp- or ad- suppressors demonstrated 
similar photosynthetic Ci affinities to pmp1/ad1 at both 20 and 50µM total Ci (Table 3). 
 
Accumulation of Low CO2-inducible Transcripts 
Along with induction of a functional CCM, acclimation to limiting CO2 also results in 
upregulation or down-regulation of specific genes/proteins (Miura et al., 2004). Transcript 
abundance of several limiting-CO2-inducible genes also were analyzed, including 
periplasmic carbonic anhydrase CAH1, a probable plasma membrane ABC-MRP type 
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transporter HLA3, chloroplast soluble protein LCIC, and putative plastid envelope Ci 
transport candidates LCIA, LCI1, CCP1&CCP2 (for review of these proteins/genes, 
Spalding, 2008). 
Strong induction or up-regulation of the above genes was observed in both pmp1 and ad1 
after 4h of L-CO2 acclimation, and the message levels of HLA3, LCI1, LCIC reproducibly 
decreased after 14h of acclimation (Fig. 3A). A similar pattern of expression for these seven 
genes was detected in pmp-su4 and pmp-su5 (data only shown for pmp-su5). Suppressors 
pmp-su1 and ad-su8, which showed WT-like phenotype of photosynthetic Ci affinities when 
acclimated in L-CO2, retained (pmp-su1) or induced (ad-su8) much higher level expression 
of HLA3 mRNA after 14 h of ambient CO2 induction. Over-accumulation of the HLA3 
transcript after 14h L-CO2 induction was also observed in wt-su1 and ad-su1 (Fig. 3B). 
 
Inverse PCR to Identify Genomic DNA Disrupted in ad-su8 and Rough Mapping of 
pmp-su5 
 Genetic linkage analysis demonstrated that the single insert was linked with the 
suppressor phenotype in ad-su8. We employed inverse PCR to identify the flanking DNA in 
ad-su8 by taking advantage of the unique sequences of the parR gene originally from 
Streptomyces rimosus (Sizova et al., 2001). Genomic DNA fragments flanking the 5’ and 3’ 
of the parR insert were PCR-amplified following PvuII or SacI digestion and religation, and 
the flanking sequences were used in a BLAST search against the C. reinhardtii version 4.0 
genome (http://genome.jgi-psf.org/Chlre4/Chlre4.home.html). The two insertion sites were 
determined to be located on chromosome_16:4517672  and chromosome_16:5400011, 
respectively. Genomic DNA from ad-su8 was also digested with ApaI and by plasmid 
rescue, the two flanking regions adjacent to the plasmid insert were confirmed. 
Chromosome_16 contains around 6.6 Mb nucleotides according to the Version 4.0 genome 
database. Further PCR analysis of chromosome_16 revealed the deletion of at least four 
separated DNA fragments totaling around 100kb (data not shown), suggesting complicated 
DNA rearrangements in ad-su8. Several predicted ORFs included in the ~100 kb deletion in 
ad-su8 were identified, including the Acyl-CoA dehydrogenase gene at one insertion site 
and some hypothetical genes. Reverse genetic approach by RNAi-knockdown of candidate 
genes in ad1 is being evaluated to identify the gene responsible for suppressor phenotype of 
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ad-su8. 
To develop a population for rough mapping of pmp-su5, the mt+ progeny of pmp-su5 was 
crossed to polymorphic strain S1-D2 and air-dier meiotic progeny were randomly selected. 
Since wt-su5 demonstrated WT growth phenotype in L-CO2, these progeny of the cross 
carry the lcib point mutation and the S1-D2 derived wild-type SU5 allele. We collected 
~120 such progeny from six different crosses to minimize analysis of duplicate 
recombination events and we conclude there are more than 60 independent colonies by PCR 
analysis of several markers included in the mapping kit (data not shown). With a population 
of > 60 independent progeny, a 20-cM (Kosambi units) resolution could be expected with a 
confidence level of 95%. At this resolution, 80% of the progeny should contain the wild-
type SU5 allele. The IDA7 marker on chromosome 1 shows the highest linkage, for which 
104/120 (87%) progeny showed the PCR product size associated with S1-D2 parent, while 
all other markers demonstrated linkage frequency of less than 70%. Thus we could 
unambiguously assign the su5 mutant locus to chromosome 1. 
 
Discussion 
 
Random insertional mutagenesis has proven to be a useful tool to disrupt and tag the 
nuclear genes in the unicellular green alga Chlamydomonas reinhardtii. In this study, by 
simply vortexing pmp1 or ad1 cells and linearized pSI103 plasmid with glass beads (Kindle, 
1990), four suppressors were identified with single inserts in each, but only one suppressor 
(ad-su8) demonstrated genetic linkage of the phenotype to the insert. On average, it was 
found in several labs that most insertionally generated mutants have single copy inserts, 
while cosegregation of the phenotype with the insert was observed in ~30 % of the 
transformants, both characters agreeing with the findings in this report (Spalding et al., 2002; 
Colombo et al., 2002).  
In the microalgal CCM model system Chlamydomonas reinhardtii, the optimized 
acquisition of Ci from environment is an essential component of a limiting-CO2-inducible 
CCM, and active Ci uptake across both the plasma membrane and chloroplast envelope are 
well supported experimentally, yet the identity of Ci transport/accumulation systems still 
remains illusive (Sültemeyer et al., 1989, 1991; Palmqvist et al., 1994). Recently, the 
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existence of multiple Ci uptake and accumulation systems were proposed, including putative 
plasma membrane HCO3- transporter HLA3 protein, chloroplast envelope LCIA protein and 
chloroplast stromal LCIB protein (Duanmu et al., 2009). LCIB is a member of a small gene 
family in Chlamydomonas, including three additional genes LCIC, LCID and LCIE, and 
homologies of LCIB could be found in several other green microalgae and some bacterial 
and cyanobacterial species (Spalding 2008; Wang and Spalding, unpublished data). The 
conditional lethal, air-dieing phenotype of two lcib mutants, pmp1 and ad1, clearly indicates 
that LCIB-associated Ci uptake/accumulation system is essential for L-CO2 acclimation 
while dispensable under H-CO2 or VL-CO2 conditions (Wang and Spalding, 2006). 
Compared with wild-type CC620, much lower photosynthetic Ci affinities in H-CO2 and 
VL-CO2 acclimated pmp1/ad1 mutants were observed in this study, suggesting both LCIB-
dependent and independent Ci uptake/accumulation processes operating in VL-CO2 
condition and the basal level of active Ci uptake/accumulation activities in H-CO2 is 
impaired in pmp1/ad1 mutants. 
Consistent with the growth phenotype of suppressors, both apparent photosynthetic Ci 
affinities and direct Ci uptake are significantly increased in L-CO2 acclimated suppressor 
mutnts relative to pmp1/ad1 mutants, indicating restoration of active Ci transport into the 
cell is essential for suppression of the air dier phenotype of pmp1/ad1. L-CO2-acclimated 
pmp-su5 showed only slightly increased photosynthetic Ci affinities compared with pmp1, 
while pmp-su1 and ad-su8 demonstrated wild-type level of affinities. Mutations of all three 
suppressor genes/loci (su1, su4/5, and su8) alone did not result in significant decrease of 
photosynthetic Ci affinities in L-CO2 and VL-CO2-acclimated cells, while a striking feature 
shared by all three type suppressors is their increased photosynthetic Ci affinities in H-CO2 
state at 50 µM total Ci, but not at 20 µM total Ci. The increase of photosynthetic Ci 
affinities in H-CO2 state at 50 µM total Ci was also masked by lcib mutations, since the 
combination of lcib mutations and suppressor mutations all showed similar level of affinities 
as pmp1/ad1 and cia5, in which LCIB gene product was either disrupted or not induced. We 
propose in the H-CO2 acclimation state that active Ci uptake/accumulation activities are 
largely dependent on either LCIB itself or other proteins/complexes regulated by LCIB, and 
the measured photosynthetic affinities in lcib mutants, either lcib mutations alone or 
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combined with suppressor mutations, are mainly due to the passive diffusion of external 
CO2 .  
The air dier phenotype of lcib mutants in L-CO2 and suboptimal photosynthetic Ci 
affinities in VL-CO2 suggests that LCIB-dependent Ci uptake/accumulation systems account 
for most of the active Ci concentrating in L-CO2 acclimated cells, while LCIB-independent 
Ci uptake/accumulation systems play major roles in the VL-CO2 acclimation state. However, 
LCIB-associated systems still contribute to part of active Ci uptake/accumulations in the 
VL-CO2 state as evidenced by the significant differences of VL-CO2 grown wild-type and 
lcib mutants. When acclimated under VL-CO2, suppressor ad-su8 showed WT phenotype of 
photosynthetic Ci affinities and suppressor pmp-su1 demonstrated a similar level of 
photosynthetic Ci affinity as that of pmp1/ad1, but the affinities were significantly reduced 
in pmp-su4/5, indicating the mutations in su4/5 decreased the Ci uptake/accumulation in 
VL-CO2. Active Ci uptake/accumulations in all three suppressors (su1, su4/5, su8) are likely 
to be de-repressed or re-activated in H-CO2 state, since the photosynthetic Ci affinities in 
such condition are all significantly higher than wild-type control. Based on allelism tests, it 
is reasonable to hypothesize that different Ci concentrating systems or regulatory 
components might be mutated in the three suppressor loci so that the active Ci uptake and 
accumulation is restored in L-CO2 growth condition.  
Active uptake of Ci appears to take place at both plasma membrane and chloroplast 
envelope and it is commonly accepted that chloroplast is the major site of accumulating 
intracellular Ci pool. Duanmu et al., (2009) proposed that the putative plasma membrane 
bicarbonate transporter HLA3 and chloroplast envelope protein LCIA are key synergistic or 
complementary components of a Ci transport pathway. Northern analysis in the suppressors 
of HLA3, LCIA and several other limiting-CO2-inducible genes demonstrated higher level of 
HLA3 transcript abundance in pmp-su1 and ad-su8, and this pattern of HLA3 expression 
was also retained in wt-su1. Interestingly, the HLA3 expression in pmp-su4/5 was not 
significantly different from pmp1, which provides additional evidence that different Ci 
uptake/accumulation components might be mutated in the three suppressor genes/loci and it 
is tempting to ascribe the mutations in su1 and su8 to HLA3-dependent Ci uptake system. 
Since genetic analysis indicates that two different genes/loci were mutated in su1 and su8, it 
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remains interesting to investigate why the transcript level of HLA3 was increased in both 
suppressors. 
 Suppressor mutations in su1 and su4/5 were not linked to the inserts and in su8 which 
demonstrated cosegregation of the phenotype with plasmid insert, approximately 100kb 
deletion including more than 14 putative genes was detected. Map-based positional cloning 
of su1, su4/5 and reverse genetic approaches are being evaluated to identify the genes 
responsible for suppression phenotypes in these lines. Meanwhile, generation of additional 
tagged pmp1/ad1 suppressors might also facilitate identification of the key components 
involved in active Ci uptake/accumulation processes in either L-CO2 or VL-CO2 acclimation 
states. 
 
Materials and Methods 
Cell Strains and Culture Conditions 
C. reinhardtii strains CC86 (nr-u-2-1, mt+, kanamycin resistant), CC118 (sr-u-2-60, mt+, 
streptomycin resistant), CC620 and CC2290 (S1-D2 mt-) were obtained from the 
Chlamydomonas Stock Center, Duke University, Durham, NC. The LCIB-defective mutants 
pmp1 and ad1 were generated by ethyl methanesulfonate treatment and insertional 
mutagenesis, respectively (Spalding et al., 1983b; Wang and Spalding, 2006). The cia5 
mutant was a gift from Dr Donald P. Weeks (University of Nebraska, Lincoln).  
Media and growth conditions for C. reinhardtii strains have been previously described 
(Wang and Spalding, 2006). All strains were maintained on CO2 minimal plates and grown 
photoautotrophically at 50 ~ 80 µE m-2 s-1 with CO2 enrichment (5% CO2 in air). Liquid 
cultures were grown on a gyratory shaker under aeration in white light (~ 100 µE m-2 s-1). 
For biochemical or physiological analysis, cells were shifted from high to limiting CO2 (L-
CO2, 350-400 ppm or VL-CO2, 50-100 ppm) conditions for various hours. Cultures were in 
the log phase of growth when CO2 enrichment was removed. VL-CO2 was obtained by 
mixing normal air with compressed, CO2-free air. 
 
Generation and Isolation of Suppressors and Genetic Analysis 
Air-dier mutant pmp1 and ad1 was transformed with linearized plasmid pSI103 (Sizova 
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et al., 2001) by the glass bead method and transformed cells were kept in ambient CO2 and 
selected on minimal medium plates supplemented with 15 µg/mL paromomycin. Phenotypes 
of surviving colonies selected as putative suppressors were verified by serially diluted spot 
tests. Genetic crosses and random progeny analyses were performed as described by Harris 
(1989).  
For diploid analysis, chloroplast markers were first introduced into suppressors and pmp1 
by crossing them with CC118 (an A→C change at nucleotide 474 in the chloroplast 16S 
rRNA confers streptomycin resistance) and CC86 (kanamycin resistance caused by mutation 
at the 3’ end of chloroplast 16S rRNA), respectively. Heterozygous vegetative diploids were 
then generated by crossing the streptomycin resistant pmp/ad-suppressors with kanamycin 
resistant pmp1 progeny and selected by their resistance to both antibiotics. In each cross, 10 
to 20 diploids were collected and the presence of both mt+ and mt- loci were confirmed by a 
PCR-based approach (Zamora et al., 2004).  
 
Nucleic Acid Extractions and Analysis 
Genomic DNA was isolated and purified as described previously (Van and Spalding, 
1999). Southern analyses were performed by standard procedures. Total cellular RNA was 
isolated by the acid guanidinium thiocyanate method (Chomczynski and Sacchi, 2006). 
RNA (15~20µg) samples were separated in 1% formaldehyde – containing agarose gels and 
blotted onto Hybond nylon transfer membranes (Osmonics Inc.). DNA probes were 
radiolabeled by random priming using [α-32P]dCTP (Promega, WI) and hybridizations were 
performed at 650C. Each northern blot was analyzed by phosphorimager scanning (BioRad, 
CA). 
 
Isolation of Sequences Flanking the Plasmid Insert in ad-su8 by Inverse PCR 
Based on information from Southern blot analysis, PvuII was used to digest the genomic 
DNA isolated from ad-suY to produce a fragment with a size ~3.4 kb, including part of the 
inserted pSI103 vector and its 3’ flanking genomic DNA. The PvuII-digested ad-su8 
genomic DNA (1 µg) was circularized with 1 unit of T4 DNA ligase (Invitrogen), 
precipitated, and the circularized product was used as a template for inverse PCR by using 
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standard PCR procedures. Two pairs of primers were designed, with each pair 
complementing the pSI103 sequence in opposite orientations. Both primer pairs produced 
PCR products with the correct predicted sizes, and amplified DNA from one primer pair (5’- 
GCCCTCATAGCCCGCCAAATC -3’ and 5’- GTTGGTTGTAACGATCCTCCGTTG -3’) 
was sequenced to determine the sequences flanking the 3’ of plasmid insert.  
A similar approach was used to identify the genomic DNA flanking the 5’ of insert by 
circularizing  the ~4.5 kb SacI-digested ad-su8 genomic DNA. Amplified DNA from primer 
pair (5’- GCACCCAACTGATCTTCAGCATC -3’ and 5’- 
GCGAGTCAGTGAGCGAGGA-3’) was sequenced to determine the flanking genomic 
region. 
 
Rough Mapping of pmp-su5 
An interfertile strain known as Chlamydomonas grossii, S1-D2 or its culture collection 
designation of CC-2290, was transformed with pSI103 plasmid to be resistant to the 
antibiotic paromomycin. Suppressor pmp-su5 was backcrossed to a wild-type laboratory 
strain to ensure that the suppressor phenotype was caused by single, nuclear mutation and 
the su5 mutation is not linked with the plasmid insert. A paromomycin sensitive pmp-su5 
progeny was chosen to cross to S1-D2 and several modified S1-D2 derivatives. Out of 6 
different crosses, approximately 120 paromomycin resistant, air-dying meiotic progeny were 
selected as a mapping population, so these progeny should carry the lcib point mutation and 
the S1-D2 wild-type SU5 allele. A PCR-based rough mapping was performed to analyze 53 
STS markers which cover the entire chromosomes at 20- to 30-cM resolution. The marker 
kit is available via the stock center and a complete set of amplification instructions and 
actual results can be found at the Chlamydomonas genome web site 
(http://www.chlamy.org). 
 
Photosynthetic O2 Exchange and Ci Uptake Measurements 
H-CO2, L-CO2 or VL-CO2-acclimated cells (24 hours induction) were collected and 
resuspended in 25 mM MOPS-KOH buffer to a final chlorophyll concentration of 25 µg/ml 
for analysis of photosynthesis and Ci uptake characteristics. Photosynthetic O2 evolution 
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rates were measured at 25°C with a Clark-type oxygen electrode (Rank Brothers, Cambridge, 
UK) as previously described (Duanmu et al., 2009). Oxygen evolution rates were recorded 
as V20 or V50 when 20 µM or 50 µM NaHCO3 were used, respectively, and the maximum 
O2 evolution rate, V4000, was obtained by using 4000 µM NaHCO3. Relative affinities for 
Ci were calculated as the ratios P20 = V20/V4000 and P50 = V50/V4000. 
Ci uptake by L-CO2-adapted C. reinhardtii cells at 50 µM total Ci was measured by 
the silicone oil filtration technique (Badger et al., 1980). The cell volume was estimated by 
using 14C-sorbitol and 3H2O as previously described (Wirtz et al., 1980). The intracellular Ci 
concentration was calculated by using cell volume and the acid labile 14C data.  
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Figure Legends 
 
Figure 1.  Southern blot analysis of suppressors probed with a 880-bp PCR fragment of the 
ParR gene. (A) Map of the ParR portion of the pSI103 plasmid used for insertional 
mutagenesis. Arrows above and below the map indicate the primers used to make the probe.  
(B) Southern analysis of four suppressors. Genomic DNA was digested with the indicated 
restriction enzymes.  
 
Figure 2. Growth of ad- and pmp- suppressors on minimal plates in H-CO2, L-CO2 and VL-
CO2 chambers. Cells grown to logarithmic phase were diluted to the indicated numbers (× 103) 
per 5 µl , spotted on plates and incubated for 9 days under dim lights. 
 
Figure 3.  (A) Northern blot analysis of suppressors. H-CO2 grown cells (0h) were 
acclimated to L-CO2 for 4h, 14h respectively and 15 µg of total RNA was used. (B) Total 
RNA from L-CO2 acclimated wt-su1, ad-su1 was separated and hybridized to HLA3- and 
LCI1-coding sequences. Same amount of RNA (~15 µg) from ad1-1 and CC620 was also 
included for Northern blot. 
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Table 1.  C. reinhardtii strains used in the study 
 
Strains Genotype Description Reference 
CC86 nr-u-2-1 mt+ 
 
Chloroplast mutation resistant to kanamycin Harris (1989) 
CC118 
sr-u-2-60 
mt+ 
 
Chloroplast mutation resistant to 
streptomycin 
Harris (1989) 
CC620 mt+ Wild type (137c) Harris (1989) 
    
CC1860 pmp1-1 mt- Deficient in Ci transport, no growth in air Van et al. (2001) 
  Generated by CC1860 × CC124  
 pmp-su1 mt- pmp1-1 suppressor This report 
 pmp-su4 mt- pmp1-1 suppressor This report 
 pmp-su5 mt- pmp1-1 suppressor This report 
    
CC2702 cia-5 mt+ No acclimation to limiting CO2 Moroney et al. (1989) 
    
CC4154 ad1 mt- air dier phenotype, deficient in Ci transport Wang and Spalding 
(2006) 
 ad1-1 mt- Walled progeny of ad1 mutant, generated  
by CC4154 × CC620 
Wang and Spalding 
(2006) 
 ad-su8 mt- ad1 suppressor This report 
 
 
 
 
 
 
 
Table 2. Characteristics of suppressors 
 
Mutants Growth in L-CO2 Par
R Insert Cosegregation with ParR Insert Diploid Analysis 
pmp1/ad1 No NAa NA Recessive 
pmp-su1 Yes 1 No Recessive 
pmp-su4 Yes 1 No Dominant 
pmp-su5 Yes 1 No Dominant 
ad-su8 Yes 1 Yes Recessive 
a NA, Not applicable.   
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Table 3. Photosynthetic Ci affinity of wild type CC620, pmp1, ad1-1, cia5, and suppressor 
strains acclimated to H-CO2, L-CO2 or VL-CO2 for 1 d. Relative affinity were ratios of the 
O2 evolution rates (µmol mg Chl-1 h-1) at 20 or 50 µM Ci over the maximal rate at 4000 
µM Ci.  
 H-CO2  L-CO2  VL-CO2 
Strains P20 P50  P20 P50  P20 P50 
CC620 0.19±0.04 0.27±0.05  0.43±0.07 0.70±0.10  0.50±0.08 0.74±0.09 
pmp1 0.04±0.01 0.08±0.02  0.04±0.02 0.04±0.02  0.27±0.03 0.37±0.03 
ad1-1 0.03±0.01 0.05±0.02  0.04±0.02 0.07±0.02  0.27±0.03 0.36±0.04 
pmp-su1 0.06±0.02 0.10±0.03  0.41±0.04 0.54±0.03  0.32±0.07 0.43±0.03 
pmp-su5 0.06±0.01 0.11±0.04  0.09±0.02 0.16±0.01  0.13±0.02 0.23±0.02 
ad-su8 0.07±0.04 0.15±0.04  0.49±0.09 0.74±0.06  0.47±0.04 0.77±0.05 
wt-su1 0.28±0.12 0.54±0.10  0.58±0.06 0.77±0.04  0.52±0.04 0.62±0.02 
wt-su5 0.22±0.03 0.44±0.02  0.48±0.06 0.75±0.05  0.38±0.03 0.63±0.08 
wt-su8 0.31±0.05 0.52±0.05  0.34±0.05 0.60±0.03  0.41±0.02 0.64±0.03 
cia5 0.04±0.02 0.11±0.03  0.06±0.02 0.09±0.03  0.06±0.03 0.08±0.03 
 
 
Table 4. Intracellular Ci accumulation in cells acclimated to L-CO2 for 1 d. Internal Ci 
accumulation (mM Ci after 80 s) was determined by silicone oil centrifugation in pH 7.3 
(MOPS-KOH) buffer at initial external Ci concentration of 50 µM [14C]NaHCO3 and a Chl 
concentration of 25 µg/mL. 
 
Strains mM internal Ci 
CC620 2.85±0.35 
pmp1 0.21±0.10 
ad1-1 0.26±0.16 
pmp-su1 1.48±0.44 
pmp-su5 1.65±0.30 
ad-su8* 2.43±0.42 
cia5 0.19 ±0.13 
                         
                        *a walled progeny of ad-su8. 
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CHAPTER 5. GENERAL SUMMARY 
 
 
  It is commonly recognized that Ci (inorganic carbon; CO2 and HCO3-) transport systems 
are essential components of a functional CCM in both cyanobacteria and eukaryotic algae. 
However, our knowledge about the functional aspects of CCM in eukaryotic algae is far 
more limited than that in prokaryotic cyanobacteria, in which at least five Ci uptake systems 
have been characterized. Chlamydomonas reinhardtii is a model system of eukaryotic algae. 
Although several limiting-Ci-inducible genes have been proposed to be Ci transporters, none 
of them could be definitively proven to be transporting Ci in vivo and in vitro. 
    The limiting-CO2-inducible, putative ABC-type transporter, HLA3 might function as a 
plasma membrane HCO3- transporter. Efficient knockdown of HLA3 mRNA by RNA 
interference (RNAi) was observed in both wild-type and mutant cells and the effect of pH on 
growth, photosynthetic Ci affinity and [14C]-Ci uptake in very low CO2 was compared. 
Although knockdown of HLA3 mRNA alone resulted in only modest but high-pH-dependent 
decreases in photosynthetic Ci affinity and Ci uptake, the combination of nearly complete 
knockdown of HLA3 mRNA with mutations in LCIB and/or simultaneous off-target 
knockdown of LCIA mRNA resulted in dramatic decreases in growth, Ci uptake and 
photosynthetic Ci affinity, especially at pH 9.0. Thus, the data provide strong evidence that 
HLA3 is directly or indirectly involved in HCO3- transport at the plasma membrane and 
provide additional evidence supporting a role for LCIA in chloroplast envelope HCO3- 
transport and for LCIB in chloroplast Ci accumulation. 
     LCIB mutants can grow in high-CO2 or very low-CO2 conditions but die in low-CO2, 
indicating a deficiency in a low-CO2-specific Ci uptake and accumulation system. It is 
interesting to investigate how single mutant lcib could eliminate all active Ci uptake and 
accumulation in the L-CO2 acclimation state, and characterization of suppressors may 
provide a more integrated picture of L-CO2 acclimation. By insertional mutagenesis and 
suppressor screening, two ad1 suppressors were identified that could grow in low-CO2 but 
die in very low-CO2. Molecular analyses revealed that both suppressors have mutations in 
the CAH3 gene, which encodes a thylakoid lumen localized carbonic anhydrase. 
Photosynthetic rates of low-CO2 acclimated suppressors under acclimation CO2 
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concentrations were more than two fold higher than ad1, resulting from a more than 20 fold 
increase in the intracellular concentration of Ci as measured by direct Ci uptake. However, 
photosynthetic rates of very low-CO2 acclimated cells under acclimation CO2 concentrations 
were too low to support growth in spite of a significantly elevated intracellular Ci 
concentration. We conclude that LCIB functions downstream of CAH3 in the CCM and 
probably plays a role in trapping CO2 released by CAH3 dehydration of accumulated Ci. 
Apparently dehydration by the chloroplast stromal carbonic anhydrase CAH6 of the very 
high internal Ci caused by the defect in CAH3 provides Rubisco sufficient CO2 to support 
growth in low-CO2 acclimated cells, but not in very low-CO2 acclimated cells, even in the 
absence of LCIB.  
    Another four suppressors (su1, su4, su5 and su8) also were identified that could suppress 
the air dier phenotype of lcib mutations, and these four suppressors could grow in both L-
CO2 and VL-CO2. All four suppressors have single inserts, although only su8 demonstrates 
genetic linkage between phenotype and insert. The same gene/locus was affected in su4 and 
su5, while su1 and su8 each defines a new suppressor gene/locus. Consistent with the 
suppression phenotype, both the relative affinities of photosynthetic O2 evolution and 
internal Ci accumulation in all four suppressors were substantially increased relative to 
pmp1/ad1 in L-CO2 acclimated cells. Interestingly, the relative affinity of pmp-su4/su5 was 
intermediate between pmp-su1 and pmp1.  These results suggest the existence of complex 
LCIB-dependent and independent Ci uptake/accumulation systems and therefore might be 
useful to provide new clues about the roles played by LCIB in limiting Ci acclimation. Our 
future plans are to identify the suppressor genes either by map-based positional cloning or 
by generating more tagged suppressors. Identification of LCIB-interacting proteins would 
also help clarify the function of LCIB complex in limiting-CO2 acclimation. 
Based on the findings from RNAi work and suppressor analysis, the following model of 
the functional CCM in C. reinhardtii is proposed to illustrate the suggested roles of HLA3 
and LCIA as key Ci transporters on plasma membrane and chloroplast envelope, 
respectively. We also hypothesize LCIB functions downstream of CAH3 as a CO2 trap, 
rather than involved in direct Ci uptake at chloroplast envelope. 
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 Figure. Schematic diagram illustrating the suggested roles of HLA3, LCIA and LCIB, as well as of 
the carbonic anhydrases CAH3 and CAH6, in the C. reinhardtii CCM. Other potential Ci transport 
and accumulation components indicated by question marks only include: pale green circles - 
potential active CO2 transport or passive CO2 diffusion sites; purple ovals - potential additional 
HCO3
- transporters; purple circle - predicted HCO3
- facilitated diffusion across the thylakoid 
membrane. Predicted sites of disruption by mutations ad1, pmp1, cia5, and su6/su7, and of IR-RNAi 
and TR-RNAi mediated gene expression knockdowns are indicated in red print.  
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